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INTRODUCTION 
Aliphatic amides undergo enzymatic hydrolysis in soils, 
yielding NH^ and the corresponding carboxylic acids. Urea, 
which is also an amide, is one of the most commonly used N 
fertilizers. Several other compounds of the class of 
amides, including oxamide and formamide, have been shown to 
supply N to plants. Dry-matter yield and yield of N ob­
tained with amides as sources of N are usually similar to 
those obtained with conventional N fertilizers, such as urea 
and ammonium nitrate. 
Oxamide has low solubility in water. In soil, 
large granules of oxamide exhibit slow-release characteris­
tics, but the release of N from powdered oxamide is similar 
to that from soluble N sources such as ammonium nitrate, 
Formamide is liquid at room temperatures and is a good 
solvent for urea and many cimmonium salts, Formamide lowers 
the salting-out temperature of liquid mixtures and can be 
used to produce nonpressure liquid fertilizers of high N 
content. The fertilizer value of formamide was first recog­
nized in 1937. Since then, encouraging results with this 
compound have been obtained in both greenhouse and field 
experiments, 
Formamide is hydrolyzed in soils and the inorganic N 
produced accumulates as NO^ under aerobic conditions. How­
ever, studies on the course and rate of formamide hydrolysis 
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are hindered by the lack of a method of determination of 
formamide in soils. A method of analysis of formamide that 
seems suitable to be adapted to soil extracts involves the 
determination of traces of formamide colorimetrically by the 
hydroxamic acid-ferric complex formed from the reaction of 
Fe , in an acidic medium, vith the formohydroxamic acid 
produced from the reaction of formamide with hydroxy lamine 
under alkaline conditions. This method is relatively simple 
and rapid, and has the advantage that it is not subject to 
interference by the products of formamide hydrolysis in soils. 
Liquid fertilizers are most commonly employed for sur­
face application to soils. Fertilizers containing or produc­
ing NH^ are subject to NHg volatilization losses, especially 
if they are surface applied to calcareous soils". Surface 
application of these fertilizers is desirable if the com­
pounds produce an acid reaction upon dissolution and are 
applied on neutral or acid soils; however, fertilizers such 
as urea, which, upon hydrolysis, can cause substantial in­
creases in the soil pH around the fertilizer particle, are 
susceptible to NHg losses if surface applied even to acid 
soils. Ammonia volatilization losses from N fertilizers are 
enhanced by high soil pH, high soil temperature, high rates 
of fertilizer application, and by conditions that favor the 
drying process in the soil. Higher NH^ volatilization losses 
are observed from fertilizers applied to sandy than to heavy-
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textured, high-CEC soils. Ammonia losses are reduced by-
rainfall, irrigation, or mechanical incorporation of the 
surface-applied N fertilizers. 
Information available in the literature indicates that 
crop recovery of N is lower from surface-applied than from 
soil-incorporated oxamide and formamide, suggesting that 
volatilization losses, presumably as NH^, may occur. However, 
no direct measurements of NH^ volatilized from oxamide 
applied to soils have been made. The little information 
available on NH^ volatilization from formamide indicates 
that NHg does evolve from soils treated with surface-applied 
formamide and that the amount of NH^ lost increases with the 
increase in the rate of application and decreases with the 
increase in the CEC of the soil. If the potential of oxamide 
and formamide as fertilizer is to be realized, more informa­
tion is needed on the magnitude of the NH^ losses and on 
the conditions in which these losses take place. 
One aspect of soil management that is becoming increas­
ingly important is that related to minimum tillage practices. 
The concern with soil conservation is prompting a gradual 
change in agriculture toward those practices that emphasize 
minimum disturbance of the soil and the maintenance of crop 
residues on the soil surface. This will have important im­
plications in the efficient use of nitrogeneous fertilizer 
because minimum tillage practices usually require surface 
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application of fertilizers. The assessment of NH^ volatiliza­
tion losses that may occur when N fertilizers are applied to 
soils containing plant residues on the surface is of primary 
importance. 
The objectives of this study were: (1) to develop a 
simple and sensitive procedure for colorimetric determination 
of formamide, (2) to extend the use of this colorimetric 
method for determination of formamide in soil extracts, 
(3) to study the factors affecting hydrolysis of formamide 
added to soils, and (4) to assess the factors affecting 
volatilization of NH^ from N fertilizers added to soils. 
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LITERATURE REVIEW 
Nitrogen is the fertilizer element used in largest quan­
tities in modern agriculture. In 1982, over 11 million tons 
of fertilizer N were consumed in the United States. A rela­
tively small number of compounds make up the bulk of the fer­
tilizer N used; among them are anhydrous ammonia, urea, 
ammonium nitrate, ammonium sulfate, monoammonium phosphate, 
diammonium phosphate, and solutions made of one or more of 
the above fertilizers (Harre and Hargett, 1983). Many other 
compounds are manufactured in small scale or are directed to 
more specialized uses. These are the cases, for instance, 
of the substituted ureas, used as slow release fertilizers 
on lawns, ornamental plants, and orchards. Some other 
products may be classified as potential fertilizers because 
they were shown to be good sources of N for plants but are 
in the experimental stage or are not available commercially 
as sources of plant nutrients; certain amides, such as 
formamide and oxamide, can be placed in this class. 
Transformations of Amides in Soils 
Amides are enzymatically hydrolyzed in soils by the ac­
tion of amidase, producing ammonia (NH^) plus the correspond­
ing carboxylic acids: 
R-CONH2 + H2O —> NHg + R-COOH. 
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Amidase (acylamide amidohydrolase, E.G. - Enzyme Com­
mission - 3.5.1.4) acts on C-N bonds other than peptide bonds 
in linear amides (Florkin and Stotz, 1964). 
Recent work at Iowa State University showed that soils 
contain amidase activity and that most amides are hydrolyzed 
in soils producing NHg. The details of the method developed 
for assay of amidase and kinetic properties of this enzyme 
in soils are reported by Frankenberger and Tabatabai 
(1980a,b). In another work, Frankenberger and Tabatabai 
(1981a) showed that amidase is concentrated in surface soils 
and decreases with depth. They also found that the activity 
of this enzyme is positively correlated with the organic C 
content, the percentages of N and clay, and the urease ac­
tivity in soils. The enzyme is inactivated at temperatures 
above 50°C (Frankenberger and Tabatabai, 1981a), 
The transformations of amide N in soils were studied by 
Frankenberger and Tabatabai (1981c, 1982a), They compared 
the recovery of inorganic N (NH^, NH^, NO^, NOg) produced 
from transformations of 25 amides with that obtained with 
ammonium sulfate and urea added to 5 field-moist soil samples 
and incubated under aerobic conditions at 30°C for 14 days. 
They reported that, with the exception of cyanamide, dicyandi-
amide, benzenesulfonamide, and sulfanilamide, which resisted 
decomposition, all other amides studied were readily hydro-
lyzed in the surface soils they used. With most of the amides 
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studied, the inorganic N produced was accumulated as NO^. 
The recovery of N as NO^ from each of 5 soils treated with 
urea, acetamide, propionamide, 2-cyandacetamide, n-butyr-
amide, oxamide, or DL-lactamide was >50% of the N added. 
The average percentage of NH^-N recovered from the soils 
used exceeded 40% of the total inorganic N produced when 
thioacetamide, fluoroacetami de, and 2-chloroacetamide were 
added to soils. With one sandy soil, the addition of urea, 
formamide, N-benzyIformamide, and jg-nitrobenzamide resulted 
in accumulation of NO^» ranging from 5 to 21% of the inor­
ganic N recovered. They also reported that appreciable 
amounts of NH^ were volatilized when formamide, acrylamide, 
2-cyanoacetamide, £-nitrobenzamide, and urea were applied 
to soils, especially from the sandy soil. The average re­
covery of amide N as inorganic N from the 5 soils that they 
used ranged from 4 with dicyandiamide to 100% with formamide. 
Frankenberger and Tabatabai (1981c) also found an inverse 
relationship between the number of carbon atoms in saturated 
aliphatic amides and the percentage of inorganic N recovered 
from soils. As the chain length of carbon increased, the 
total recovery of amide-N as inorganic N decreased. 
Some trace elements applied at a rate of 5 p,mol of 
element/g of soil affected amidase activity in soils (Frank­
enberger and Tabatabai, 1981b). However, substantial inhibi­
tion of the enzyme's activity was reported only for Se(IV) 
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(16 to 21% inhibition), Hg(II) (27 to 46% inhibition), Ag(I) 
(50 to 62% inhibition), and As(IIl) (97 to 99% inhibition), 
out of the 21 trace elements tested; little inhibition of 
amidase activity in soils was observed for the 14 pesticides 
studied (Frankenberger and Tabatabai, 1981b). The results 
obtained by Frahkenberger and Tabatabai (1981b) suggest 
that trace elements and pesticides added to soils under cur­
rent management practices should have little or no effect 
on hydrolysis of amide fertilizers in soils. 
Methods of Analysis of Formamide 
In the limited work on formamide decomposition in soils, 
the rate of its transformations was assessed by measuring 
the inorganic N fractions produced, i.e., NH^, NO2, NO^ 
(Rehling and Taylor, 1937; Frahkenberger and Tabatabai, 1981c, 
1982a). Because soils usually contain these inorganic 
species, it becomes difficult to detect small changes in the 
concentration of added formamide and, hence, the transforma­
tions that take place in short time intervals. These types of 
studies would be better performed if the unreacted formamide 
could be extracted and determined. However, no specific 
method of analysis of formamide in soils could be found in 
the literature. 
There are many analytical methods for determination of 
formamide. Nitrogen can be determined by the Kjeldahl 
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method and formic acid can be titrated potentiometrica1ly 
with alkali (Eberling, 1980), Another approach was taken by 
Qureshi and Rathi (1977) and Qureshi and Izzatullah (1977) 
who used a cation exchange resin to catalyze the acid hy­
drolysis of amide; the NH^ formed was detected by using 
Berthelot's reagent. Freytag and Thairan (1964) described a 
gravimetric method for the determination of formamide by 
the formation of 5-aminomethylene-2-thiobarbituric acid, but 
compounds such as ammonium sulfate and ammonium nitrate in­
terfered in this method. Bednarski and Hume (1964) boiled 
several amides with alkali, passed the solution through a 
cation exchange resin column and titrated potentiometrically 
the carboxylic acids formed. Some of these methods are 
tedious, time-consuming, and have low sensitivity, and others 
are affected by products of formamide hydrolysis. 
Certain carboxylic acid derivatives such as esters, 
anhydrides, acid chlorides, imides, and amides, react with 
hydroxylamine to form hydroxamic acids, which may be esti­
mated by their color reaction with ferric ion. This proce­
dure has been extensively used in analytical chemistry. 
Lipmann and Tuttle (1945) used this principle to develop a 
specific, quantitative method for acyl phosphates. Hill 
(1946) used the reaction of esters with hydroxy lamine at 
alkaline pH in anhydrous solvents to determine long-chain 
fatty-acid esters. A colorimetric method for the determina­
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tion of short-chain carboxylic acid esters, anhydrides, and 
lactones based on their conversion to hydroxamic acid was 
developed by Hestrin (1949). Ford (1947) and Boxer and 
Everett (1949) assayed penicillins by reacting their amide 
groups with hydroxylamine and determining the color of the 
ferric-hydroxamic acid complex produced, Grossowicz et al. 
(1950) used the colored complex formed with iron to study 
the enzymatic formation of hydroxamic acid from glutamine 
and asparagine. Diacyl amides were assessed colorimetrically 
by the same principle by Polya and Tardew (1951). 
Several researchers converted formamide to hydroxamic 
acid, then treated it with Fe(III) and determined the color 
of the ferric complex produced (Soloway and Lipschitz, 1952; 
Bergmann, 1952; Mizukami and Nagata, 1956; Goldenberg and 
Spoerri, 1958). Mizukami and Nagata (1956) showed that 
ammonium formate, formic acid, and NH^, which are the products 
of the hydrolysis of formamide, do not interfere with the 
assay even if present in large amounts. Therefore, this 
method seems to be suitable to be adapted to the determina­
tion of formamide in soils, 
Formamide and Other Amides as Fertilizers 
Urea, the diamide of carbon dioxide, has the highest 
concentration of N (ca. 45% N) and the lowest cost of produc­
tion of all common solid N fertilizers. Urea is widely used 
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as a N fertilizer throughout the world. But, because this 
section will be restricted to nontraditional, potential 
amide fertilizers, urea will not be included. An excellent 
review article on the use of urea as fertilizer was prepared 
by Gasser (1964). 
Several amides have been tested as fertilizers. Acryl-
amide, produced from the acid hydrolysis of a resin used in 
the food packaging industry (acrylonitrile copolymer), was 
shown to supply N to oats growing in pots containing N-
deficient soils; however, 7.1 times as much N from the hy­
dro lyzed resin was necessary to produce a growth response 
similar to that obtained with ammonium nitrate (Van Gordon 
and GiIbert, 1976). 
The possibility of using oxamide as a fertilizer has 
been explored by many researchers (Ogata and Hino, 1958a,b; 
DeMent et al., 1961; Engelstad et al., 1964; Westerman and 
Kurtz, 1972; Cantarella and Tabatabai, 1983). Oxamide is a 
white crystal that contains 31.8% N and a solubility of 0.04 g 
per 100 mL of water. Hydrolysis of one mole of oxamide yields 
two moles of NH^OH and one mole of oxalic acid (DeMent et al., 
1961). 
Ogata and Hino (1958a,b) were the first to show the 
value of oxamide as a slow-release fertilizer. The rate of 
dissolution and hydrolysis of oxamide increases as the granule 
size decreases (Ogata and Hino, 1958a,b; DéMent et al., 1961). 
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In soils, the release of N from powdered oxamide is similar 
to that from so liable N sources such as ammonium nitrate but 
large granules of oxamide exhibit slow-release characteris­
tics (DéMent et al., 1951; Dilz and Steggerda, 1962; Engel-
stad et al., 1954; Casser and Penny, 1955; Westerman and 
Kurtz, 1972). 
Formamide is a liquid at room temperature (freezing 
point, 2.55°C; boiling point, 210°C) and contains 31.1% N. 
Formamide first appeared in the fertilizer literature in 
the 1930s. At that time, it was proposed as a substitute 
for water in the preparation of urea-ammonia liquor used in 
the treatment of superphosphate and in the manufacture of 
mixed fertilizers containing phosphate. When the formamide 
liquor is added to superphosphate, the formamide hydrolyzes 
to ammonium formate, which has a high degree of stability 
(Brown and Reid, 1937; Rehling and Taylor, 1937). Further­
more, addition of formamide to the fertilizer increases the 
N content of the mixture and insures no reversion of avail­
able P (Brown and Reid, 1937; Rehling and Taylor, 1937). 
Formamide is attractive as a component of liquid fer­
tilizers, especially nonpressure N solutions. Liquid formu­
lations comprise an increasing percentage of the N fertilizers 
consumed in the U.S., and formamide can be used to advantage 
in liquid mixes containing no free NH^ (Jones et al., 1955). 
Because of its high dielectric constant, formamide is an 
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excellent solvent for many inorganic salts and urea, and is 
miscible with NH^ and water. Jones et al. (1956) showed that 
formamide could be used to raise the nutrient concentration 
of liquid fertilizers, which can contribute to reduce the 
cost of transporting and storing the product. They also 
found that formamide decreased the salting-out temperature 
of several liquid fertilizers. 
Rehling and Taylor (1937) studied the course and rate of 
decomposition of formamide in soils. They found that ammoni-
fication of formamide was complete after two days in soils 
and that nitrification proceeded in the same manner as that 
of urea. They also concluded that formamide, urea, and the 
various formates studied decomposed into carbonates in 2 to 
6 days. Similar results were found by Yanishevskii and 
Sennitskaya (1972). They observed that formamide ammonified 
more rapidly than urea and that ammonium carbonate seemed to 
be the end product of hydrolysis of both compounds in soils. 
They also showed that the rate of nitrification was similar 
for formamide and urea. 
The fertilizer value of formamide has long been known. 
In greenhouse studies involving several soils and crops. 
Brown and Reid (1937), Rehling and Taylor (1937), and 
Yanishevskii and Sennitskaya (1972) showed that formamide 
and ammonium formate compared favorably with urea and 
ammonium sulfate as a source of N for plants. However, 
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Terman et al. (1958) found that the dry-forage yield and the 
recovery by corn of surf ace-applied N, both from acid and 
alkaline soils, were lower from sources containing amino N 
such as urea, formamide, and oxamide, than from ammonium 
nitrate and ammonium phosphate. The differences were at­
tributed to loss, presumably by NH^ volatilization (Terman 
et al., 1958). When the fertilizers were mixed with the 
soil, the yields of dry com forage were similar among the 
various N fertilizers but the recovery of applied N was 
slightly higher from urea, ammonium sulfate, and ammonium 
phosphate nitrate than from other sources, including form­
amide and oxamide (Terman et al., 1958). 
Formamide was compared with urea-ammonium nitrate solu­
tion (UAN) and prilled ammonium nitrate in 13 field experi­
ments with grasses and winter wheat by Hunter (1974). The 
liquid fertilizers were sprayed on established stands of 
grasses and wheat, and the prilled fertilizer was spread 
t 
over the plants at the same time. The yield of grasses and 
the N content of grasses and wheat grain indicated that 
formamide was an effective source of N but somewhat less ef­
fective than UAN solution and prilled ammonium nitrate 
(Hunter, 1974). Hunter (1974) also observed that formamide 
sprayed on leaves of bromegrass, orchardgrass, and reed 
canarygrass caused some burn within a few days of applica­
tion but tall fescue and wheat were not noticeably affected. 
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Recently, Cantarella and Tabatabai (1983) compared 
several amides (formamide, acetamide, glycinamide, 2-
cyanoacetamide, oxamide, and azodicarbonamide) with two con­
ventional fertilizers (urea and ammonium nitrate) as sources 
of N for ryegrass under greenhouse conditions. All N com­
pounds were mixed with the soil before the ryegrass was 
seeded. They found that the percentage of N uptake and the 
dry-matter yield of ryegrass were similar for plants treated 
with formamide, oxamide, glycinamide, 2-cyanoacetamide, and 
the conventional fertilizers; acetamide tended to give 
slightly lower results, but not in all soils, and azodi­
carbonamide was markedly inferior to the other amides and 
the conventional fertilizers. 
If formamide is to be applied to soil at the time of 
planting, it would be prudent to keep the fertilizer separated 
from the seed. Besides the harmful effect of NH^ produced 
by the hydrolysis of formamide in soils, Szabo (1972) found 
that formamide, at concentrations of 5 and 10%, was highly 
toxic to wheat and bean seeds, decreasing and protracting 
seed germination; but 1% formamide solution did not affect 
seed germination (Szabo, 1972), 
There have been several reports from the Soviet 
Union on the use of formamide in agriculture. Zakirov et 
al. (1980) mentioned the use of formamide and acetamide in 
liquid nitrogenous fertilizers. Various solid phase salt 
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mixtures containing formamide (e.g., CaCl2«6HCONH2) are 
used as simultaneous weed killers and fertilizers (Nabiev 
et al., 1982). Formamide is also part of formamide-silicate 
solutions employed in stabilizing soils and arenaceous rocks 
(Abramova, 1979; Abramova and Voronkevich, 1980). 
The cost of formamide is a major factor determining the 
future of this compound as a fertilizer. Jones et al. (1966) 
suggested that new methods of synthesis may lower the price 
of formamide and Worthy (1980) reported that recent develop­
ments in fertilizer technology indicate that the CO produced 
in coal gasification can be used as a feedstock for produc­
tion of formamide. Therefore, formamide may yet become a 
viable alternative in the fertilizer market. 
Volatilization of NH3 from N Fertilizers 
Applied to Soils 
The product of the hydrolysis of amides in soils, NH^, 
will be susceptible to volatilization especially if it hap­
pens to be near the soil surface or if it cannot be retained 
in the soil by a physical or chemical mechanism. Losses of 
N through NH^ volatilization are among the dominant causes 
of low efficiency of surface-applied N fertilizers. 
Ammonia volatilization is particularly important in cal­
careous soils. According to Ha.rmsen and Kolenbrander (1965), 
agricultural researchers asserted as early as 1839 that severe 
losses of NHg by volatilization could be expected in soils 
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containing calcium carbonate. But because the intensive use 
of nitrogenous fertilizers is a relatively recent phenomenon, 
the bulk of the knowledge available on this subject has been 
obtained in the recent past. Information on volatilization 
losses of N as NH^ from N fertilizers has been summarized 
in articles by Faurie and Bardin (1979a,b), Terman (1979), 
Freney et al. (1981), and Nelson (1982), 
Ammonia volatilization from soils has been assessed by 
different methods; these can be grouped into indirect and 
direct methods. Indirect methods are those in which NH^ 
volatilization is estimated rather than directly measured. 
In the direct methods, the NH^ evolved is collected and 
quantified. 
Labelled fertilizers have been used as an indirect 
method for estimating NH^ losses in field (Nommik, 1973a) 
and laboratory experiments (Haunold and Blochberger, 1982). 
In these experiments, the magnitude of NH^ loss is obtained 
as a difference between amounts of labelled N fertilizer 
added to the soil and the amounts recovered from the soil 
after a certain time. There are certain disadvantages 
associated with the use of to assess NH^ volatilization 
losses from N fertilizers applied to soils; they include 
(a) the requirement that no leaching occurs during the ex­
perimental period, (b) difficulty to follow a day-by-day 
monitoring of NH^ evolved, (c) the experimental errors and 
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the N lost by processes other than NH^ volatilization are 
pooled together with the estimated NH^ volatilization 
losses (Nommik, 1973a); besides, Haurat et al. (1982) found 
that there is a enrichment of the soil N with respect 
to during NH^ volatilization. 
Crop responses have also been used to indirectly esti­
mate volatilization losses of N fertilizers. Terman and 
Hunt (1964) related yields and uptake of N by corn forage 
grown in pots to relative effectiveness of several N fer­
tilizers and associated the relative effectiveness with losses 
by volatilization, presumably as In field experiments, 
others have calculated NH^ volatilized by comparing N uptake 
by plants treated with urea or NH^-containing fertilizers 
with those treated with calcium nitrate, which is subject to 
little or no NH^ volatilization (Hargrove et al., 1977j 
Hargrove and Kissel, 1979). Some of the limitations of the 
balance method also apply to the indirect crop response 
method. 
Several methods have been developed to directly measure 
NHg evolving from the soil. They can be divided into dif­
fusion chamber methods, continuous-flow chamber methods, and 
micrometeorological techniques. Diffusion chamber methods 
are the most simple but subject to the more severe limita­
tions. Basically, the apparatus for the diffusion method 
consists of a flask inverted directly over the fertilizer-
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treated soil forming a closed chamber. A glass wool pad or 
other liquid-absorbing material soaked with a NH^-trapping 
solution (e.g., sulfuric acid) is attached to the dish 
bottom. Ammonia volatilizing from the soil diffuses through 
the air inside the chamber and is absorbed by the trapping 
solution; then NH^ is analytically determined by a suitable 
method (Volk, 1959). The major criticism to this type of 
apparatus is that a too artificial environment is created 
inside the chamber. Diffusion chambers have been used mostly 
in field experiments (Volk, 1959, 1961, 1970; Comforth and 
Chesney, 1971). A semi-open type, which allows some air 
movement, has been used by Nommik (1973b) and Marshall and 
DeBell (1980). 
Continuous-flow techniques are those in which the soil 
is enclosed within a chamber and the NHg volatilized is 
carried by a stream of air that flows above the soil surface 
and is scrubbed in a solution that traps NHg, which is then 
determined by any of several analytical methods (Terman, 
1979). The air flow rate inside the chamber affects the 
amount of NH^ volatilized from the soil (Fenn and Kissel, 
1973; Watkins et al., 1972), but when the air movement through 
the chamber exceeds 15 exchange volumes per minute, NH^ 
losses reach a maximum and become independent of the air flow 
rate (Fenn and Kissel, 1973; Kissel et al., 1977), Continu­
ous-flow-type chambers have been widely used in laboratory 
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experiments in which the N fertilizers and the factors that 
affect NHg volatilization are closely monitored (Overrein 
and Moe, 1967; Fenn and Kissel, 1973; Hargrove and Kissel, 
1979; Fenn et al.,,1981a,b,c). Vlek and Craswell (1979) 
have assembled chambers to study NH^ volatilization under 
conditions that simulate a paddy rice field. Laboratory 
experiments have provided valuable information on the fac­
tors that affect NH^ volatilization losses from soils but the 
magnitude of the losses have to be considered with care be­
cause a major limitation of laboratory experiments is the 
difficulty of reproducing field conditions in small chambers. 
Nevertheless, the continuous-flow chamber methods are valu­
able for comparison of volatilization of NHg from various N 
sources. 
Continuous-flow chambers have also been adapted to col­
lect NH^ volatilizing directly in the field. Kissel et al. 
(1977) designed an automatic system in which the volatiliza­
tion chamber has a removable lid so that it is closed only 
for short intervals during the day while NH^ loss is mea­
sured; between measurements, the lid is open to allow normal 
field environmental conditions of temperature, relative 
humidity, wind, etc. 
Another approach to assess NH^ volatilization losses is 
through micrometeorological techniques. Denmead et al. 
(1977) described a method based on calculating the aerial 
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transport of NH^ across the downwind edge of the treated 
field from measurements of wind direction and vertical gradi­
ents of the wind speed and atmospheric NH^ concentration. 
The authors claim that NH^ losses as small as 1 kg N/ha can 
be detected with a maximum error of 20%. A similar technique 
was developed by Beauchaitç) et al. (1978). Recently, Wilson 
et al. (1982) asserted that it is possible to reduce the ex­
perimental complexity of micrometeorological techniques with 
little or no loss of accuracy. According to their model, 
instead of the entire profile (vertical gradient), a single 
measurement of the mean windspeed and mean NH^ concentration 
would suffice to determine the rate of gas transfer from a 
surface in a disk-shaped source plot. 
The main advantage of the micrometeorological techniques 
is that they allow the measurement of NH^ volatilization 
from fields under totally undisturbed conditions. However, 
a large experimental area is required and a limited number 
of treatments can be applied. 
The results of NH^ volatilization obtained by different 
methods are not always consistent. Marshall and DeBell 
(1980) found that less NHg volatilization is measured by 
diffusion methods than by continuous-flow-type of chambers 
and this could be attributed to the restriction of air move­
ment in the diffusion-type chamber. Crop response methods 
have been used in conjunction with methods that directly 
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measure the NH^ volatilized. Although comparison in a 
quantitative basis does not always agree, the results 
usually show the same tendency (Hargrove et al., 1977; 
Fenn et al., 1981a,b, 1982a,b). 
In aqueous solution, the distribution of ammoniacal 
species as a function of pH can be described by the relation: 
NH^ ^  NH3 + H"^ (1) 
The dissociation constant at 20°C is (National Research 
Council, 1979): 
K = ^^3(aq)^t!H ] _ ^^-9.23 (2) 
c<] 
Using a log transformation and rearranging equation 2: 
log _ pjj _ 9.2 (3) 
CNH4] 
This is to say that at pH 5.2, NH^ comprises approximately 
0.01% of the total ammoniacal-N in solution; the correspond­
ing values for solutions with pH levels of 7.2 and 9.2 are 
1 and 50%, respectively. 
It can be concluded from the above relations that NH^ 
volatilization should increase with an increase in the soil 
pH. In acid soils, most of the ammoniacal-N is in the NH^ 
form, not susceptible to losses through NHg volatilization. 
Very little loss of ammonia occurs when neutral or acid 
ammonium salts are added to neutral- or acid soils (Martin 
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and Chapman, 1951). Carter and Allison (1961) reported no 
NH^ volatilization from soils with pH varying from 4.5 to 
6.0, treated with ammonium sulfate; liming the soil to 
pH 6.7 brought about NH^ losses up to 15% of the N applied. 
In another experiment, a marked increase in NH^ volatiliza­
tion from urea surface applied to a Dickson silt loam oc­
curred as the soil pH was adjusted to levels ranging from 
5.0 to 7.5 (Ernst and Massey, 1960). Other results reported 
in the literature confirm the relation between soil pH and 
NHg volatilization (Martin and Chapman, 1951; Meyer et al., 
1961; Watkins et al., 1972). 
Factors other than pH also affect NH^ volatilization 
from soils. DuPlessis and Kroontje (1964) used equation 1 
to predict the extent of NH^ volatilization in soils but the 
predicted values were six times lower than those actually 
found, Avnimelech and Laher (1977) showed evidence that the 
pH of the soil is the dominant factor controlling the extent 
of NH^ volatilization only when the soil's buffer capacity 
is high, or when the concentration of NH^ in the soil is 
low. They also showed that, for the same pH, more NH^ is 
lost with an increase in the buffer capacity and that the 
buffer capacity becomes more important in soils of high pH 
and when high concentrations of NH^ exist in the soil solu­
tion. 
As NHg volatilizes, the pH of the soil solution decreases 
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(reaction 1) and the volatilization process is slowed down or 
even stopped, Vlek and Stumpe (1978) noticed that only about 
38% of the N was lost from an ammonium sulfate solution 
adjusted to pH 9 before NH^ volatilization ceased because 
of low pH. A buffered system is necessary for the NH^ 
volatilization to proceed. 
Calcium carbonate has a strong buffering action and 
maintains high pH levels in soils. It is widely recognized 
that NHg volatilization is specially important in calcare­
ous soils (Fenn and Kissel, 1973; Hargrove and Kissel, 1979; 
Fenn et al., 1981a,b, 1982a). Fenn and Kissel (1975) added 
increasing amounts of calcium carbonate to an acid soil and 
found that NH^ losses from surface-applied ammonium sulfate 
increased rapidly as the calcium carbonate concentration in­
creased up to 5.1% of the soil weight; NH^ losses increased 
only slightly as calcium carbonate in soil increased from 
6.1 to 9.7%, and no further increases in NH^ losses were 
noticed at calcium carbonate levels above 9.7%. For surface-
applied ammonium nitrate, they reported that the fast in­
crease in NH^ losses occurred at calcium carbonate concentra­
tions up to 1.3%, with only slight increases in NH^ vola­
tilization at higher calcium carbonate contents. 
The carbonate system is also important in determining 
NHg losses from flooded fields, Mikkelsen et al. (1978) 
reported that the pH and NH^ volatilization rate of rice 
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floodwater was determined by the dissolved CO2-H2CO2-HCO2-
Co|~ equilibria. Water pH varied in a diurnal pattern due 
to algal photosynthesis and respiration, reaching values up 
to 9.5-10 at midday and decreasing up to 2-3 pH units at 
night (Mikkelsen et al., 1978). 
Soil texture also plays a role in NH^ volatilization 
from soils. Other conditions being the same, more will 
evolve from coarse-textured than from fine-textured soils 
treated with NH^ or NH^-producing fertilizers (Loftis and 
Scarsbrook, 1969; Fenn and Kissel, 1976; Nelson, 1982). It 
has long been recognized that soils of fine texture are able 
to retain more anhydrous NH^ than the coarse ones (Parr and 
Papendick, 1966). 
It has been suggested that the effect of soil texture 
on NHg losses is due to the cation exchange capacity (CEC), 
a soil parameter closely related to texture; as the CEC of a 
soil increases, more NH^ is retained in the exchange sites 
and less NH^ is left in the soil solution because of the 
equilibrium (Nelson, 1982); 
^4(exc) ^  ^4(aq) ^  ^3(aq) ' <4) 
Indeed, it has been shown that soils with higher CEC will 
lose less NH^ by volatilization (Martin and Chapman, 1951; 
Fenn and Kissel, 1976). Gasser (1964) indicated that CEC 
is the most important factor affecting NHg loss from soils. 
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The type of cation in the soil exchange complex seems 
to have some effect on NH^ volatilization losses. Martin 
and Chapman (1951) reported higher losses of NH^ from and 
Na^-saturated soils than from Ca^^ and Mg^^-saturated soils, 
but this apparently was the result of the higher pH of the 
soils saturated with the monovalent cations than those 
saturated with divalent cations. Fenn and Kissel (1973) 
2+ found that Mg -saturated soils treated with ammonium sul­
fate had smaller initial NH^ volatilization rates when 
2+ 2+ 
compared with Ba - and Ca -saturated soils. 
Many researchers have reported substantial differences 
in the amounts of NH^ volatilized from soils depending on the 
fertilizer placement. For example, Ernst and Massey (1960) 
and Overrein and Moe (1967) showed that decreasing amounts of 
NH^ were lost as the depth of incorporation of urea increased; 
however, in Ernst and Massey's experiment, NH^ volatilization 
was essentially the same when urea was surface applied, 
mixed with the top 0.6 cm of soil, or surface applied and 
watered into a pH 6.5 soil with 0.6 cm of water. Meyer et 
al. (1961) found that incorporation in the top 10 cm of soil 
of urea, urea-ammonium nitrate (UAN) solution, and ammonium 
nitrate practically eliminated NH^ volatilization. A slightly 
different result was reported by Fenn and Kissel (1976). 
They showed that incorporation of ammonium sulfate down to 
7.5 cm in a coarse-textured, calcareous soil would decrease 
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but not eliminate NH^ volatilization. Fenn and Miyamoto 
(1981) found that larger NH^ losses occurred with band ap­
plication of ammonium sulfate than of urea, ammonium hy­
droxide or ammonium carbonate. They reported that urea 
applied at 5.0 cm or deeper resulted in no NH^ losses but 
losses from ammonium sulfate were substantial at all depths 
of incorporation studied (up to 7.5 cm). 
Nitrogen fertilizer compounds, NH^, and NH^ may move in 
the soil by diffusion or mass flow with the liquid phase of 
the soil. Therefore, the moisture content of the soil and 
the direction in which the water moves in the soil affect 
the rate and amount of NH^ volatilization. Application of 
1.3 cm of water, to simulate rain, immediately after broad­
casting several N fertilizers over a calcareous soil prac­
tically eliminated NH^ losses (Meyer et al., 1961); however, 
little soil moisture loss was reported during the study 
period (30 days), and apparently the N fertilizer remained 
deep in the soil. Marshall and DeBell (1980) reported sig­
nificant decrease of NH^ volatilization, measured by diffu­
sion, continuous-flow chambers, and techniques, after 
simulated rainfall was applied over a forest soil treated 
with surface-applied urea. Rainfall also caused a decrease 
in the amount of NH^ evolved from surface-applied sewage 
sludge and dairy cattle manure (Beauchamp et al,, 1978, 
1982). Fenn and Escarzaga (1977), using volatilization 
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chambers in the laboratory, applied ammonium nitrate and 
ammonium sulfate to the surface of a calcareous soil and 
found that the amount of NH^ lost by volatilization decreased 
with an increase in the rate of water application; but, in a 
silt clay loam, the addition of 20.3 cm of water did not re­
duce NHg losses below that found with the addition of 5.1 
cm of water. Before being hydrolyzed, urea moves undissoci-
ated into the soil with added water; therefore, NH^ losses 
from surface-applied urea decreases with increasing amounts 
of applied water (Fenn and Miyamoto, 1981). 
Another effect of the soil moisture content on NH^ 
losses is related to the dissolution of N fertilizers. 
Fenn and Escarzaga (1976) showed that dry NH^ fertilizers 
did not dissolve in soils with 0 and 8% water, hence little 
NHg was lost. Application of ammonium sulfate, diammonium 
phosphate (DAP), and monoammonium phosphate (MAP) to a wet, 
calcareous soil surface brought about large NH^ losses 
(Fenn and Escarzaga, 1976). Under field conditions, there 
is no guarantee that application of N fertilizer over dry 
soil will prevent losses of N through NH^ volatilization be­
cause nightly dew may provide enough moisture to dissolve 
most fertilizers. 
Ammonia volatilization from soils has shown a close 
relationship with soil water loss. It has been demonstrated 
in many experiments with continuous-air-flow chambers that 
29 
increasing rates of aeration of the chambers, which promotes 
soil drying, brings about an increase in the NH^ volatiliza­
tion rate (Overrein and Moe, 1967; Fenn and Kissel, 1973; 
Kissel et al., 1977). Martin and Chapman (1951) concluded 
that appreciable amounts of NH^ are lost from the soil only 
when there is a simultaneous loss of water and that high 
temperatures enhance the rate of water loss. 
Dry soils usually lose less NH^ than moist soils. Soils 
with higher initial moisture content showed greater NH^ 
volatilization losses from surface-applied fertilizers 
(Volk, 1959; Ernst and Massey, 1960). The importance of the 
initial soil moisture content probably is related to the 
duration of the drying process. Ernst and Massey (1960) 
found that aerating the soil with dry air (0% relative 
humidity, RH) caused a fast drying of the soil and losses 
of NH^ from surface-applied urea were much smaller than the 
NHg losses detected when the air was at 50-55 or 85-90% RH. 
However, aeration with water-saturated air (100% RH), which 
causes little drying of the soil, brought about lower NH^ 
losses than aeration with air of lower relative humidity 
(Ernst and Massey, 1960; Terman et al., 1968). 
The rate of NH^ volatilization from soils is affected 
by soil and/or air temperature. Higher temperatures will 
enhance the rate of water loss from soils, increase the rate 
of NHg diffusion, and at a lesser extent, affect the disso-
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dation constant (K^, equation 2), rendering a larger 
proportion of the ammoniacal N as aqueous NH^ (National 
Research Council, 1979). Martin and Chapman (1951) found 
that increasing the temperature of incubation of soils 
treated with several N fertilizers resulted in higher NH^ 
losses. This response to temperature was found for soils 
with initial moisture contents at 25, 75, and 100% of mois­
ture capacity. Similar responses to temperature were re­
ported by Volk (1959), Ernst and Massey (1960), and Watkins 
et al. (1972). Fenn and Kissel (1974) found that high tem­
peratures increased the initial rates of NH^ volatilization 
but did not affect the total NH^ loss from ammonium sulfate 
and DAP surface applied to a calcareous soil; however, both 
the rate and the total NH^ losses were affected by the tem­
perature when ammonium nitrate was used. 
In a field experiment where sewage sludge was surface 
applied to soils and NH^ losses assessed by a micrometeor-
ological technique, Beauchamp et al. (1978) reported that 
air temperature appeared to be more closely related to the 
rate of NH^ volatilization than windspeed and vapor pressure 
deficit. The NH^ flux presented a diurnal pattern with 
peaks around midday, which coincided with the periods of 
higher temperature. A diurnal pattern of NH^ volatilization, 
with peaks related to aerial temperature, was also observed 
by Beauchamp et al. (1982) in a field experiment involving 
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the broadcasting of dairy cattle manure. Hargrove et al. 
(1977) measured NH^ volatilization from ammonium sulfate 
applied to the surface of a grass sod under field conditions. 
They also reported that the NH^ losses followed a diurnal 
pattern but the maximum peak was attained each day at 0600 
to 0800 hours and the minimum peak at 1800 to 2000 hours. 
They observed that the fluctuations coincided with daily 
fluctuations in the atmospheric relative humidity. 
Under the same soil and climate conditions, the amount 
of NHg volatilized may vary depending on the type of fer­
tilizer used. Fertilizers such as ammonium sulfate, ammonium 
nitrate, ammonium chloride, etc., which have acid reactions 
upon dissolution, will cause little or no NH^ losses when 
applied to neutral or acidic soils (Martin and Chapman, 
1951; Meyer et al., 1961; Volk, 1961; Terman et al., 1968). 
However, some fertilizers produce an alkaline reaction 
after their dissolution (and/or hydrolysis) and, if surface 
applied to acid or neutral soils, may be able to raise the 
pH around the fertilizer particle causing substantial NH^ 
losses. Among the fertilizers in this class are urea, DAP, 
oxamide, and formamide. 
A saturated solution of DAP, like the one that will 
probably be formed around the fertilizer granule, has a pH 
around 9.0 (Tisdale and Nelson, 1975). Urea itself is not 
alkaline but in soils is rapidly hydrolyzed to ammonium 
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carbonate. Overrein and Moe (1967) added 224 kg/ha of urea-N 
to a silt loam soil with pH 6.5 and showed that the soil pH 
around the application zone rose to 8.8 and 8.1 in 3 days 
when urea was applied at the surface and at a depth of 3 cm, 
respectively. Formamide has been shown to cause an increase 
in the soil pH similar to that brought about by urea when 
both compounds were applied in solution (Loftis and Scars-
brook, 1969). Indeed, low crop recoveries of applied N 
indicated that NHg volatilization losses occurred from DAP, 
formamide, urea, and other compounds containing amino N when 
surface applied to acid or neutral soils (Terman and Hunt, 
1964; Terman et al., 1968). 
A number of workers have reported large volatilization 
losses from urea surface applied to acid or neutral soils 
(Volk, 1959, 1961; Overrein and Moe, 1967; Watkins et al., 
1972; Nommik, 1973b; Fenn et al., 1981a). Reviewing the 
literature on urea as a fertilizer, Gasser (1964) concluded 
that urea is, on average, slightly inferior to ammonium 
sulfate and ammonium nitrate and sometimes markedly inferior 
to those fertilizers because surface-applied urea is subject 
to losses of N through NH^ volatilization. 
On calcareous soils, volatilization losses of N as NH^ 
increase substantially with the decrease in solubility of 
the reaction products of NH^-N fertilizers with calcium 
compounds (Terman and Hunt, 1964; Fenn and Kissel, 1973). 
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The general reaction proposed by Fenn and Kissel (1973) is; 
A(NH^)^Y + BCaCOg » B(NH^)2C0g + Ca^T^ (5) 
where Y represents the accompanying anion of the ammonium 
salt and A, B, Z are coefficients which depend on the 
valences of the anion and cation. Ammonium carbonate is 
unstable and decomposes into NH^ and CO2. 
Compounds such as ammonium sulfate, DAP, and ammonium 
fluoride form relatively insoluble calcium salts, driving 
reaction 5 to the right and forming more unstable ammonium 
carbonate. This is accompanied by a further increase in the 
soil pH and in NH^ losses (Fenn and Kissel, 1973). When 
ammonium nitrate or ammonium chloride is added to calcareous 
soils, the calcium salts formed are soluble and reaction 5 
does not proceed to completion; therefore, less NH^ is lost. 
Ammonia loss which occurs when ammonium nitrate-type fer­
tilizer is added to calcareous soils depends only on the 
resultant pH of the soil because no insoluble calcium salts 
are formed (Fenn and Kissel, 1973; Terman, 1979). Data pre­
sented by Fenn and Kissel (1973) illustrate these points; 
in a laboratoiry experiment in which NH^-containing compounds 
were surface applied to a calcareous soil, they reported 
NH^ losses of 68, 54, and 51% of the total N added as 
ammonium fluoride, ammonium sulfate, and DAP, respectively ; 
the NHg volatilization losses for the soluble calcium salt-
forming compounds ammonium nitrate, ammonium chloride and 
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ammonium iodide were 18, 18, and 16% of the total N, re­
spectively, Lower losses from ammonium nitrate compared 
to ammonium sulfate surface applied to calcareous soils have 
also been reported elsewhere (Fenn and Kissel, 1974; Har­
grove et al., 1977). 
The NH^ concentration in soils affect the extent of 
NHg volatilization losses. Numerous investigators showed 
that increasing the quantity of N fertilizer applied caused 
an increase in the amount of NH^ evolved from soils (Kresge 
and Satchell, 1960; Overrein and Moe, 1967; Fenn and Kissel, 
1976). However, when ammonium nitrate was applied to cal­
careous soils, the percentage of the total N applied lost as 
NHg decreased or did not change as the rate of N applica­
tion increased (Fenn and Kissel, 1974, 1976). For ammonium 
sulfate and urea, contradictory results have been reported. 
In some experiments, the percentage of applied N lost as 
NHg was not affected by the rate of ammonium sulfate or 
urea N application (Martin and Chapman, 1951; Hargrove et 
al., 1977; Hargrove and Kissel, 1979); in other studies, the 
percentage lost as NH^ increased with increase in the rate 
of N applied (Volk, 1959; Kresge and Satchell, 1960; Over-
rein and Moe, 1967; Fenn and Kissel, 1974, 1976). 
The effect of granule size of N fertilizers applied to 
soils on NHg volatilization has been somewhat inconsistent. 
In some studies, higher NH^ losses were found with fine 
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granules than with pellets; in others, the opposite was true 
(Volk, 1959, 1961; Watkins et al., 1972; Noinmik, 1973a). 
These differences are probably related to environmental 
conditions specific of the various experiments and no gen­
eralized conclusion can be made. 
Attempts have been made to reduce the extent of NH^ 
volatilization losses from N fertilizers by combining them 
with inhibitors, acidic compounds, or various other products. 
Most of such studies involved urea because of its widespread 
use and the importance of NHg losses when urea is surface 
applied to both acid and calcareous soils. 
Coating urea with sulfur in order to control the dis­
solution and hydrolysis of the N compound has been shown to 
greatly reduce the NH^ volatilization losses when this fer­
tilizer was surface applied to soils under laboratory condi­
tions (Matocha, 1976). Ammonia losses in 14 days were 18.5 
and <1% of the N added, respectively, for urea and sulfur-
coated urea (SCU) surface applied to an acid soil. When 
applied to a calcareous soil, the percentages lost were 
19.7 and 2% for urea and SCU, respectively (Matocha, 1976). 
Reduction in NH^ volatilization from urea applied to 
soils also has been accomplished by the addition of urease 
activity retardants and/or acidic compounds. Among the 
substances used are phosphoric acid (Bremner and Douglas, 
1971; Nommik, 1973b), ortho-boric acid (Nommik, 1973b), 
36 
phosphoric acid phenyl ester diaitiide (PPDA) (Heber et al., 
1980), triple superphosphate and potassium magnesium sulfate 
(Carrier and Bernier, 1976), ammonium chloride (Watkins 
et al., 1972), and ammonium nitrate (Volk, 1959). Calcium 
sulfate, copper sulfate, metaphosphoric acid or sublimed 
sulfur failed to reduce NH^ volatilization from large-
granule urea (Volk, 1959; Nommik, 1973a), A different ap­
proach vas taken by Fleisher and Hagin ( 1981). They 
succeeded in reducing NH^ losses from 20% to 9-12% of the 
urea applied by activating the nitrification process by pre-
treating the soil with small amounts of ammonium sulfate 
7 or 14 days before application of urea. 
A small reduction of NH^ volatilization from MAP and 
DAP applied to calcareous soils was accomplished by the 
addition to these fertilizers of pyrophosphate (El-Zahaby et 
al., 1982), Mixing MAP or ammonium nitrate to ammonium sul­
fate or ammonium fluoride caused a reduction in the NH^ 
losses from the last two compounds when they were broadcasted 
on a calcareous soil (Fenn, 1975). 
Recently, Fenn and his coworkers have proposed a new 
approach to minimize N losses through NHg volatilization 
from urea surface applied to soils (Fenn and Miyamoto, 1981; 
Fenn et al,, 1981a,b,c, 1982a,b). It consists of adding 
Ca-, Mg-, or sometimes K-soluble salts, such as chlorides 
and nitrates, to urea either as a solid or in solution. 
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The proposed approach is based on the fact that soluble Ca 
or Mg salts react with unstable ammonium carbonate formed 
upon hydrolysis of urea, precipitating Ca or Mg carbonate 
and leaving a soluble ammonium salt in solution. This is 
accompanied, by_ a decrease in soil pH near the reaction zone 
due to both the disappearance of ammonium carbonate and the 
presence of the acidic Ca salt. The reaction was described 
by Fenn et al. (1981c): 
(NH^)^0^.H20 + CaX > CaCOg + 2NH^X (6) 
where X = Cl" or NO^. 
Ammonium carbonate is produced by the hydrolysis of 
urea in soils or by the reaction of NH^-containing fer­
tilizers added to calcareous soils (Fenn and Kissel, 1973). 
Indeed, Fenn et al. (1981a,b,c, 1982a,b) showed both in 
laboratory and in plant uptake experiments in the greenhouse 
that the addition of Ca or Mg salts caused a decrease in 
NHg losses from urea and NH^-containing fertilizers surface 
applied to soils. The rates of Ca or Mg recommended have 
been around 0.25 to 0.50 equivalents of the cation per 
equivalent of N applied (Fenn et al., 1981b, 1982a). Po­
tassium and Na could partially replace Ca in reducing NH^ 
2"^ 2*^ losses if soils contained exchangeable Ca + Mg (Fenn 
et al., 1982b). Fenn*s approach is already being used 
commercially (Kessler, 1982). 
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Fertilizers applied over plant and crop residues, as 
it often happens in fields managed under reduced tillage 
practices, face an environment different from that of the 
bare soil. Therefore, it is justifiable to expect that NH^ 
losses from N fertilizers applied over plant residues may­
be different from those that occur when the N sources are 
applied to bare soil. In forests, fertilizers are usually 
applied over a thick layer of residues. Many investigators 
have found that a substantial amount of urea N applied on 
forest floors is lost as NH^. For instance, Watkins et al. 
(1972) found that 27 to 46% of the urea N applied to forest 
floor was lost as NH^, whereas the losses were 6 to 30% 
when urea was applied to bare mineral soil. Nommik (1973b) 
measured losses of about 20%, over a period of 28 days, of 
the urea N applied to a 2- to 5-cm thick layer of raw humus. 
In the Soviet Union, Pobedov and Lebedev (1980) reported 
losses of 10 and 20% from ammonium nitrate and urea, respec­
tively, applied to the forest litter of a 60-year-old forest. 
On the other hand, Volk (1970) reported relatively low (<5%) 
loss of NHg from prilled urea surface applied to undis­
turbed, dry organic residue in a pine forest; but losses 
were of 9% in 3 days when the fertilizer was applied over 
moist organic residue, 
A number of workers have reported results of NH^ vola­
tilized following N fertilizer application to pasture and 
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turfs. Volk (1961) reported high losses of NH^ from urea 
applied to unlimed turf (29% lost) and limed turf (39% lost); 
losses from urea applied to bare soil averaged 25% in 7 days. 
Voile (1961) also reported that losses of NH^ from ammonium 
sulfate and ammonium nitrate applied to unlimed turf were 
negligible but reached 19.7 and 3.4% of the N applied as 
ammonium sulfate and ammonium nitrate, respectively, to limed 
turf. In another experiment, Volk (1959) reported losses of 
20 to 30% of the urea N applied to four different grass sods. 
Small amounts of NH^ evolved from ammonium sulfate-treated 
grass plots but NH^ losses increased to about 12% of the N 
added when a nitrification inhibitor was mixed with ammonium 
sulfate before application to the grass (Cornforth and 
Chesney, 1971). Kresge and Satchell (i960) surface applied 
urea to bare soil and to bermudagrass grown in pots with 
different plant stands and watered the urea in. They reported 
NH^ losses of 23 and 7% of the urea added to bare soil and 
bermudagrass, respectively; the thicker the grass cover, the 
smaller the NH^ losses. McGarity and Hoult (1971) applied 
urea to sods in which the soil had been isolated from the 
plant coirç)onents and observed that NH^ volatilization still 
took place; they concluded that the plant and litter compo­
nents of pastures may provide major pathways for NH^ loss. 
This is not surprising because plant tissues present intense 
urease and amidase activity (Frankenberger and Tabatabai, 
1982b). 
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Limited information is available about NH^ volatiliza­
tion losses from fertilizers applied under conditions that 
simulate minimum tillage practices. Meyer et al. (1961) 
compared NH^ losses from N fertilizers broadcast on the soil 
surface and broadcast on a surface covered with wheat straw 
residue. They found that surface residue accentuated NH^ 
volatilization especially with urea-ammonium nitrate (UAN) 
solution. Losses of NH^ from urea were only slightly higher 
from residue covered than from bare soils (Meyer et al., 
1961). 
Direct measurements of NH^ volatilized from urea, urea-
urea phosphate, UAN solution, and ammonium nitrate surface 
applied to no-till corn in a field experiment indicated that 
significantly more NH^ was evolved from the urea-treated 
plots during the first 3 days (Keller and Mengel, 1981). It 
was also reported that NH^ losses from urea-urea phosphate 
were considerably less than from urea but more than from 
UAN solution. A rain in the third day stopped volatiliza­
tion from all sources (Keller and Mengel, 1981). 
In a field experiment in which urea, UAN and ammonium 
nitrate were applied to corn under no-till management, 
Touchton and Hargrove (1982) concluded, based on crop yield 
and plant N uptake, that urea, especially when applied in 
solution, is not an efficient N source for no-till produc­
tion systems. 
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With the increasing popularity of minimum till or no-
till systems and the risks of volatilization losses in­
volved when N fertilizers, especially those with alkaline 
reaction, are surface applied, the need for more research 
in this area becomes evident. 
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PART I. COLORIMETRIC DETERMINATION OF FORMAMIDE 
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INTRODUCTION 
Formamide (HCONHg) is a clear, hygroscopic, slightly 
viscous liquid, containing about 31% N, with freezing and 
boiling points at 2.55 and 210°C, respectively, at atmos­
pheric pressure. Its density at 20°C is 1.13 g/cm^ and its 
vapor pressure is 0,13 kPa at 70.5°C. 
Formamide decomposes at the boiling point to NH^, CO, 
HCN, and H2O at a rate of about 0.5% per minute; it is 
hydrolyzed very slowly at room temperatures but acids, bases, 
and elevated temperatures accelerate the hydrolysis (Eberling, 
1980). 
Formamide is soluble in water, lower alcohols, and gly­
cols, and insoluble in hydrocarbons, chlorinated solvents, 
and ethers. Due to its high dielectric constant, formamide 
is a good solvent for many inorganic salts and proteins, and 
it can also be used as a nonaqueous electrolytic solvent. 
Formamide has a number of industrial applications, such 
as an intermediate in synthesis of several chemicals, as a 
solvent, in the manufacture and processing of plastics, as 
a softener for paper, in the purification of oils and fats, 
etc. (Eberling, 1980). An important potential use for 
formamide is as a N fertilizer (Jones et al., 1965; Hunter, 
1974; Cantarella and Tabatabai, 1983). 
Various methods for the chemical analysis of formamide 
have been described in the literature. These include wet 
44 
digestion, gravimetric, titrimetric, photometric, chromato­
graphic (Freytag and Tham, 1964; Qureshi and Rathi, 1977; 
Siggia and Hanna, 1979; Murav'eva and Anvaer, 1980; Eberling, 
1980). Some of these methods are tedious and time consuming, 
others require special equipment, and others have the disad­
vantage that they are affected by one or more of the products 
of formamide decomposition, i.e., ammonium formate, formic 
acid, or ammonium ion. 
A simple method for determination of formamide in the 
presence of the products of the amide's decomposition is 
essential in studies of the hydrolysis of this compound in 
soils. A relatively rapid and simple method for the analy­
sis of formamide, "which is free from interferences by ammoni­
um formate, formic acid, or ammonium, involves the colori-
metric determination of the ferric-formohydroxamate complex 
formed from the reaction of Fe^*, in an acidic medium, with 
the formohydroxamic acid produced from the reaction of 
formamide with hydroxylamine under alkaline conditions 
(Bergmann, 1952; Mizukami and Nagata, 1956; Goldenberg and 
Spoerri, 1958). The method is not specific for formamide 
and is based on the fact that certain derivatives of car-
boxy lie acid such as esters, anhydrides, acid chlorides, 
imides, and amides react with hydroxylamine at alkaline pH 
to form hydroxamic acids; these react with ferric iron to 
form orange to red chelates which can be determined 
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photometrically (Soloway and Lipschitz, 1952). 
The reactions for the formation of formohydroxamic acid 
and the ferric-formohydroxamate complex are as follows 
(Mizukami and Nagata, 1956; Emery, 1971): 
The hydroxamate acts as a bidentate chelate that results 
in a very stable five-membered ring (Emery, 1971). 
Several parameters related to the determination of 
formamide as hydroxamic acid were investigated by Bergmann 
(1952), Mizukami and Nagata (1956), and Goldenberg and 
Spoerri (1958), but in none of these investigations are 
the details of the methods fully presented. The methods 
described by these authors are suitable for semiquantitative 
work. Therefore, several aspects of this method require 
evaluation. For instance, information on the sensitivity 
of the procedure, on the analytically useful range of con­
centrations, and on substances that interfere with the method 
is needed. 
The objective of this work was to assess the conditions 
required for accurate and precise colorimetric determination 
of formamide as formohydroxamic acid. 
9 9H 
H-C-N-H + NH 3 
F9 
3+ 
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DESCRIPTION OF METHODS 
Reagents 
Sodium hydroxide (NaOH), 3 N: Dissolve 120 g of reagent-
grade NaOH in about 700 mL of water and dilute to 1 liter 
with water. 
Hydroxylamine hydrochloride (NH20H»HC1), 2 N; Dissolve 
34.7 g of reagent-grade NH20H»HC1 in about 200 mL of water 
and dilute to 250 itiL with water. Store this solution in a 
refrigerator and discard unused portions after 1 week. 
Hydrochloric acid (HCl), 3 N: Add 248 mL of concen­
trated HCl (12.1 N), AR quality, to about 700 iriL of water 
and dilute to 1 liter with water. 
Ferric chloride (FeCl2*6H20), 0.74 M, in 0.1 N HCl: 
Dissolve 200 g of reagent-grade FeClg'6H20 in 700 mL of water 
containing 8.3 mL of concentrated HCl and dilute to 1 liter 
with water. Because reagent-grade FeCl2*5H20 may contain 
some insoluble matter, it is recommended that this solution 
be filtered through a slow speed (Whatman No. 42) filter 
paper. 
Standard formamide stock solution; Add 2.89 mL of 
reagent-grade formamide (density 1.13 g/mL, purity 99%, 
A.C.S. reagent, Aldrich Chemical Co., Milwaukee, Wisconsin) 
to about 50 mL of water and dilute to 100 mL with water. 
Use a microburete to measure the volume of the formamide 
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reagent. This solution contains 10 itig N/mL. Recalculate 
the volume of formamide if the reagent used has density and 
purity different from the above. Prepare this solution 
freshly every week and store it in a refrigerator. 
Procedure 
Add 2 mL of 3 N NaOH, 2 mL of 2 N NH2OH.HCI, and 5 mL of 
a solution containing 5 to 150 jig of formamide N into a test 
tube (diameter of 1.8 cm, length of 15 cm, with capacity for 
approximately 30 mL). Mix the contents of the test tube on 
a vortex mixer after the addition of each reagent and the 
sample. Let the mixture stand for 1 hour at room tempera­
ture (22-25°C), then add 2 mL of 3 N HCl and 1 mL of 0.74 M 
FeClg solution. Mix the solution thoroughly on a vortex 
mixer (ca. 5 sec) after the addition of the acid and the 
ferric iron solution. Measure the color intensity of the 
reddish-brown solution with a colorimeter fitted with a 
green (No. 54) filter or a spectrophotometer adjusted to a 
wavelength of 495 nm. The reddish-brown color develops im­
mediately after the addition of iron and fades slowly with 
timeJ therefore, the color intensity should be measured im­
mediately after the addition of the FeClg solution. The pro­
cedure should be standardized so that the time span between 
the addition of the iron solution and the reading of the 
color intensity is about the same for all samples. Calculate 
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the formamide N content of the aliquot analyzed by reference 
to a calibration graph plotted from the results obtained 
"with standards containing 0, 25, 50, 100, and 150 p,g of 
formamide N. To prepare this graph, pipette 5 mL of the 
standard formamide stock solution in a 1-liter volumetric 
flask and dilute with water. Then pipette 0, 1, 2, 4, and 
6 mL of this solution in 100-mL volumetric flasks, adjust 
the volume with water, and mix thoroughly. Then analyze 
5 mL aliquots of these diluted standards by the procedure 
described for the samples. 
The standard curves prepared with standard formamide 
solutions vary slightly from day to day. Therefore, it is 
recommended that formamide standards be included in each 
series of analyses. 
In the work described here, the color intensity mea­
surements were made with a Klett-Summerson photoelectric 
colorimeter fitted with a green filter (No. 54, spectral 
range 500-570 nm), or with a Perkin-EImer 552 spectrophotome­
ter adjusted to a wavelength of 495 nm. 
Each pipetting operation must be carried out with caro 
because there is no final adjustment of the volume. The use 
of a good-quality automatic pipette can shorten considerably 
the time of the numerous volumetric transfers without compro­
mising the accuracy and precision of the results. 
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RESULTS AND DISCUSSION 
The method described is based on systematic studies of 
factors affecting the formation and stability of the reddish-
brown ferric-formohydroxamate complex. The factors studied 
included concentration of the reagents used, time and tem­
perature of reaction, stability of the color developed, and 
interference of some organic and inorganic compounds. 
The procedure described was adapted from that proposed 
by Hestrin (1949) for the determination of acetylcholine and 
other carboxylic acid derivatives, and later used by Bergmann 
(1952) and Goldenberg and Spoerri (1958) for the studies of 
the conditions for colorimetric determination of amides as 
their corresponding hydroxamic acids. 
The effect of various concentrations of NaOH and 
NHgOH'HCl solutions on the intensity of color of the ferric-
formohydroxamate complex produced by the method described was 
studied. Results (Table 1) showed that the best combination 
of concentrations of NaOH and NH20H*HC1 in a mixture of equal 
volume (2 mL) of both solutions is 3 N and 2N, respectively. 
The resulting solution has a pH of about 12.7. Alkaline 
conditions favor the reaction between formamide and hydroxy 1-
amine (Bergmann, 1952). Other combinations, such as 4 N NaOH 
and 3 N NHgOH'HCl, also lead to solutions of high color in­
tensities, indicating that these combinations maintained good 
conditions for formation of formohydroxamic acid. Hestrin 
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Table 1. Effect of concentration of sodiizm hydroxide and 
hydroxylamine hydrochloride on the color intensity 
of the ferri c- formohydroxamate complex 
Concentration (N)^ 
NaOH NH^OH.HCl 
Color intensity 
(Klett-Summerson units) 
Reagent Formamide 
blank 100 |i.g N 
1 1 10 19 
1 2 12 90 
1 3 12 122 
1 4 12 144 
2 1 13 261 
2 2 13 43 
2 3 13 165 
2 4 14 203 
3 1 11 244 
3 2 12 280 
3 3 13 79 
3 4 14 220 
4 1 12 228 
4 2 13 266 
4 3 13 279 
4 4 15 128 
In a test tube, 2 mL of NaOH and 2 mL of NH20H'HC1 of 
the concentrations specified were mixed with 5 mL of water 
or formamide solution (100 [xg N), After a reaction period 
of 1 h at room temperature (23°C), 2 mL of HCl of the same 
concentration as that of the NaOH used were added, followed 
by 1 mL of 0.74 M FeClg. The color intensity was measured 
immediately, with a Klett-Summerson photoelectric colorime­
ter fitted with a green filter (No. 54). 
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(1949) used a similar combination of concentrations of NaOH 
and NH20H*HC1, 3.5 N and 2 N, respectively, in a mixture of 
equal volume of both solutions. 
The color intensity of the ferric-formohydroxamate com­
plex produced was the same when either HCl or HNOg was used; 
however, the color of the complex produced was less intense 
when #2^04 employed (Table 2). Under the conditions of 
this assay, FeCl^ brought about a more intense color of the 
ferric-formohydroxamate complex than did ferric ammonium sul­
fate, regardless of the type of acid used (Table 2). Although 
the molar concentrations of the ferric solutions were differ­
ent, both solutions provided ferric iron in excess to that 
needed to form the colored complex. The results reported 
in Table 2 also show that the color of the ferric-formohy-
droxamate complex solutions produced with either source of 
iron or type of acid faded with time in a similar fashion. 
This result differs from that reported by Mizukami and Nagata 
(1956) who found that the use of ferric ammonium sulfate re­
sulted in a relatively more stable color than did the use of 
FeClg. However, the procedure that they used was somewhat 
different from the one utilized in this work. 
Figures l and 2 show the absorption spectra of the color 
of the ferric-formohydroxamate complex produced by the method 
described. The spectra shown were obtained by using a Perkin-
Elmer 552 spectrophotometer. The absorption of light by 
Table 2, Effect of type of acid and source of Fe on the color intensity of 
the ferric-formohydroxamate complex measured at different times after 
the addition of ferric iron 
Color intensity as affected by type of acid and source of Fe^* specified^ 
HUSO, HCl HNOo 
Time — 
(hours) A B A B A B 
— Klett-Summerson units 
0 250 (100) 189 (100) 272 (100) 210 (100) 272 (100) 212 (100) 
0.25 208 (83) 162 (86) 236 (87) 179 (85) 244 (90) 181 (85) 
0.50 196 (78) 150 (79) 220 (81) 165 (79) 231 (85) 167 (79) 
1 176 (70) 136 (72) 202 (74) 150 (71) 216 (79) 152 (72) 
2 158 (63) 118 (62) 182 (67) 128 (61) 197 (72) 132 (62) 
3 144 (58) 107 (57) 164 (60) 116 (55) 181 (67) 122 (58) 
5 126 (50) 92 (49) 143 (53) 97 (46) 161 (59) 102 (48) 
7 112 (45) 81 (43) 124 (46) 86 (41) 144 (53) 90 (42) 
18 69 (28) 50 (26) 68 (25) 45 (21) 85 (31) 48 (23) 
Formamide N (100 p,g N) was analyzed by the method described, with the excep­
tion that the type of acid (3 N) and the source of ferric iron varied. Sources of 
ferric iron were: A, FeCl3»6H20 (0.74 M); B, Fe2(S04)3»(NH4)2S04*24H20 (0.20 M). 
Figures in parentheses are color intensities calculated as percentages of those 
measured at time zero. 
Figure 1. Absorption spectra of ferric-formohydroxamate complex produced by 
the method described. All spectra shown were obtained against water 
as reference. A, 150 |xg formamide N; B, 100 fig formamide Nj C, 50 fig 
formamide N; D, reagent blank 
400 500 600 
WAVELENGTH (nm) 
Figure 2. Absorption spectra of ferric-formohydroxamate complex produced by the 
method described. The spectrum of the reagent blank was obtained 
against water as reference and the spectra of the formamide solutions 
were obtained against the reagent blank as reference. A ,  150 f i g  
formamide Nj B, 100 ng formamide Nj C, 50 ng formamide Nj D, reagent 
blank 
400 500 600 
WAVELENGTH (nm) 
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FeCl^ (reagent blank) is negligible at wavelengths from 480 
to 700 nm but increases markedly at wavelengths below 480 ran. 
The optimum peak for quantitative determination of formamide 
as the ferric-formohydroxamate complex was found to be at 495 
nm (Figure 2), which is about the same as that (490 nm) re­
ported by Mizukami and Nagata (1956). 
Maximum formohydroxamic acid formation was obtained after 
40 minutes of reaction, at room temperature, between formamide 
(150 |ig N) and hydroxy lamine, as indicated by the color inten­
sity of the ferric complex produced; a shorter reaction time 
was sufficient for maximum yield of formohydroxamic acid when 
amounts of formamide smaller than 150 |xg were used (Figure 3). 
However, a reaction time of 1 hour is recommended. The maxi­
mum yield of formohydroxamic acid persisted when the reaction 
time between formamide and hydroxylamine was extended up to 
4 hours. 
Bergmann (1952) and Mizukami and Nagata (1956) observed 
that, at high temperatures, the yield of formohydroxamic acid 
reached a peak after a certain reaction time but did not 
level off, forming the plateau shown in Figure 3, but, in­
stead, decreased as the reaction time increased further. 
Bergmann (1952) attributed this decrease in color development 
to the gradual decomposition of the hydroxamic acid already 
formed, which is enhanced at high temperatures. 
Calibration graphs prepared by the method described from 
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Figure 3. Effect of reaction time of alkaline hydroxyl-
amine with formamide on the color intensity of the 
ferric-formohydroxamate complex. The reaction was 
carried out at room temperature. A, 150 p.g form­
amide N; B, 100 fig formamide N; C, 50 (ig formamide 
N; D, reagent blank 
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formainide standards showed a linear relationship between the 
concentration of formandde N and the intensity of the color 
of ferric-formohydroxamate complex produced (Figure 4), This 
linear relationship was observed when the reaction between 
formamide and hydroxy lamine was carried out at any of the 
temperatures tested (4, 20, 30, or 60°C). Beer's Law was 
obeyed with standard samples containing up to 150 p. g of 
formamide N. Figure 4 also shows that the yield of formo-
hydroxamic acid decreased with increase in the temperature 
during reaction between formamide and alkaline hydroxy lamine. 
Similar results were reported by Bergmann (1952) and by 
Mizulcami and Nagata (1956). Bergmann (1952) suggested that 
the rate of reaction between amides and hydroxy lamine in­
creases with temperature but a competitive reaction, i.e., 
the hydrolysis of the amide, becomes more important at higher 
temperatures, thus decreasing the yield of hydroxamic acid. 
The color of the ferric-formohydroxamate complex pro­
duced by the method described fades with time, as 
shown in Figure 5. Mizulcami and Nagata (1956) attributed 
this color fading to the fact that the excess hydroxylamine 
present in solution will reduce Fe(III) to Fe(II) which does 
not produce a colored complex. They also reported that the 
addition of ferric perchlorate, hydrogen peroxide, and 
ethanol did not improve the stability of the color of the 
ferric-formohydroxamate complex. Therefore, these reagents 
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Figure 4. Effect of temperature during the reaction between 
alkaline hydro^^lamine and formamide on the color 
intensity of the ferric-formohydroxamate complex. 
The test tubes containing the reagents were stored 
in incubators at the temperature indicated during 
the 1-hour reaction period 
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Figure 5. Color stability of the ferric—formohydroxamate 
complex as a function of time. Absorbance mea­
surements were made at 495 nm wavelength on a 
Perkin-Elmer 552 spectrophotometer. The colored 
complex was developed as described in the Materials 
and Methods section. A, 150 fig formamide N; B, 
100 fig formamide N; C, 50 fig formamide N 
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were not used in the procedure described. 
It should be noticed in Figure 5 that the color of the 
ferric complex fades relatively rapidly and, therefore, it is 
important that the reading of the color be performed rapidly 
and always at the same time interval after the addition of 
the FeClg solution. For analysis of a large number of 
samples, an easy way to standardize the procedure is to mea­
sure the color intensity of each sample immediately after 
the addition of the FeCl^ solution, instead of adding FeClg 
simultaneously to a set of test tubes and waiting a predeter­
mined amount of time before reading the color of the whole 
set of saitples. The use of test tubes, recommended in the 
method described, eliminates the need, for volumetric dilu­
tions and speeds up shaking and transferring operations, thus 
facilitating the task of obtaining a uniform time interval 
between the addition of the FeClg solution and reading of 
the color. 
A test was performed in which the last step of the recom­
mended procedure, that is, the addition of the FeClg solution, 
was done at time intervals varying from 0 to 4 hours after 
the addition of HCl. The purpose of this test was to 
determine if the addition of the acid, which precedes the 
addition of the FeClg solution, would affect the stability of 
the formohydroxamic acid. The results (Table 3) indicate that 
formohydroxamic acid is stable in the resultant acidic 
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Table 3. Effect of time between the addition of hydrochloric 
acid and ferric chloride solution on the color in­
tensity of the ferric-formohydroxamate complex pro­
duced by the method described 
Color intensity produced with the amount 
Time of formamide N (gg) specified^ 
(hours) 50 100 150 
K lett-Summerson unitS' 
0 148 281 417 
0.5 148 284 420 
1 148 282 420 
2 148 286 418 
3 148 286 417 
4 149 286 420 
^he color intensity was measured immediately after the 
addition of ferric chloride solution. 
solution for at least four hours and that the fading of the 
color observed after the addition of the FeClg solution was 
3+ +2 probably related only to the reduction of Fe to Fe , as 
described before. A practical implication of the results of 
Table 3 is that only the very last step of the procedure de­
scribed, i.e., the addition of iron, will have to be timed 
to avoid the problems caused by the fading of the color of 
the ferric-formohydroxamate complex. 
The intensity and stability of the color of the ferric-
formohydroxamate complex produced by the method described are 
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affected by the pH of the solution (Figure 6), The solution 
obtained after the addition of all the reagents in the method 
proposed has a pH of 1.4. Acidifying this solution below pH 
1.4 caused a marked decrease in the color intensity but did 
not affect the rate of decrease in color intensity with time 
as evident from the slope of the lines shown in Figure 6. On 
the other hand, when the pH of the original solution was 
adjusted to 2.0, there was a sharp decline in the stability 
of the color of the ferric-formohydroxamate complex, es­
pecially in the first two hours, as compared to the color 
stability shown in the more acidic solutions (Figure 6). 
The effect of temperature on the stability of the color 
of the ferric-formohydroxamate complex formed by the method 
described was studied by storing solutions at 5, 20, 30, and 
60°C after the development of color. Results in Figure 7 
show that increasing the temperature markedly accelerated the 
rate of fading of the color of the ferric-formohydroxamate 
complex. After 4 hours at 60°C, the color of the solutions 
prepared with up to 150 fxg of formamide N had faded out to 
the color of the reagent blank. Lower temperatures decreased 
the rate of fading but even temperatures as low as 5°C did 
not stop the fading of the color of the solutions produced 
(Figure 7). 
Test tubes containing ferri c-formohydroxamate complex 
produced with various amounts of formamide by the method 
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. Effect of acidity on the color stability of ferric-
formohydroxamate complex produced with 100 fxg form-
amide N by the method described. The pH of the 
original solution was 1.4; the pHs of other solu­
tions were adjusted by adding 3 N HCl or 3 N 
NaOH after the development of color 
Figure 7. Effect of temperature on the color stability of 
ferri c-formohydroxamate complex produced by the 
method described. After development of color, 
the samples were stored at the temperatures indi­
cated and the color intensities were measured at 
different times. A, 150 ng formamide N; B, 100 
ng formamide N; C, 50 |ig formamide N 
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described were stored in the dark or under laboratory light. 
The color intensity of the stored solutions was measured at 
several time intervals after the development of the color. 
The results (Table 4) indicate that light did not contribute 
to the fading of color of the ferric-formohydroxamate com­
plex, because the color of the samples stored in the dark or 
under laboratory light faded at approximately the same rate. 
The hydroxy lamine reaction used in the method described 
exhibits only a relative specificity for formamide in that 
hydroxylamine combines with other substances chemically re­
lated to formamide (i.e., amides and other carbbxylic acid 
derivatives) to produce hydroxamic acids. The effect of re­
action time, at room temperature, of several amides (100 ng 
N) with the alkaline hydroxylamine on the yield of hydroxamic 
acid was studied. The amides assayed were acetamide, 
anthranilamide, N-benzylformamide, 2-chloroacetamide, 2-
cyanoacetamide, fluoroacetamide, glycinamide, propionamide, 
and formamide. The results are shown in Figure 8. The color 
intensities of the ferric-hydroxamate complexes produced 
varied with the amide source; the colored complexes produced 
with the various amides are due to the reaction of Fe^* with 
the hydroxamic acids produced from the corresponding amides 
under the alkaline conditions described. The strongest colors 
were obtained with acetamide, propionamide, formamide, and N-
benzyIformamide. The time required for maximum production of 
hydroxamic acid depended on the amide used. Less than one 
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Table 4. Effect of light on the color stability of ferric-
formohydroxamate complex produced by the method 
described 
Color intensity produced with the amount of 
formamide N (na) specified 
Time^ 0 50 100 150 
(hours) Light Dark Light Dark Light Dark Light Dark 
-Klett-Summerson units-
0 12 12 145 145 276 276 415 415 
0.5 9 8 115 114 222 218 324 318 
1 8 9 105 105 204 200 302 292 
2 7 7 93 92 179 174 264 254 
4 8 8 79 76 151 145 222 210 
6 8 7 67 66 130 125 192 180 
10 7 7 53 51 100 96 145 137 
24 6 6 24 23 43 42 61 58 
After development of color, a set of standard samples 
was stored in the dark (covered with aluminum foil) and a 
second set was stored without cover under laboratory light. 
Color intensities were measured at different times. 
Figure 8. Effect of reaction time of alkaline hydroxylamine with several 
amides (100 ng N) on the color intensity of the ferric-hydroxamate 
complexes produced. The procedure used was that described for 
formamide. A, formamide; B, N-benzylformamidej C, acetamide; D, 
2-chloroacetamide; E, fluoroacetamide; F, propionamide; G, 
glycinamide; H, 2-cyanoacetamide; I, anthranilamide 
COLOR INTENSITY (Klett-Summerson units) 
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hour of reaction time was sufficient for maximum yield of 
hydroxamic acid with formamide and 2-chloroacetamide. How­
ever, four hours of reaction time were required for N-benzyl-
formamide, fluoroacetamide, and glycinamide to produce maxi­
mum amounts of hydroxamic acid. Other amides required much 
longer reaction times with hydroxy lamine to reach maximum 
hydroxamic acid formation; acetamide needed between 12 and 
24 hours, whereas propionamide and 2-cyanoacetamide did not 
arrive at the peak of hydroxamic acid formation even after 24 
hours of reaction time at room temperature (results not shown). 
The work of Goldenberg and Spoerri (1958) helps explain the 
results shown in Figure 8, Goldenberg and Spoerri (1958) 
studied the effect of substituent groups on the ease of hy­
droxamic acid formation by amides and other carbo3^1ic acid 
derivatives. They noticed that electron donating (i.e., 
-CHg, -OH, -NHg) and bulky groups attached to the amide 
molecule inhibit hydroxamic acid formation. They also ob­
served that the replacement of one hydrogen of formamide by 
methyl, higher alkyl, or a phenyl group resulted in retarda­
tion of the hydroxylamine reaction. According to Goldenberg 
and Spoerri (1958), the methyl group in acetamide inhibits 
the formation of hydroxamic acid, but this effect is counter­
acted by fluorine in fluoroacetamide; the fluorine atom 
accelerates nucleophilic attack by hydroxylamine and a fast 
reaction between fluoroacetamide and hydroxylamine takes 
place (Figure 8). 
72 
The recovery of other amides analyzed by the method de­
scribed, using the standard curve obtained for formamide, 
varied from <1% of the amide N added for anthranilamide 
to 70% for 2-chloroacetamide (Table 5). Low recoveries can 
be explained by the fact that most amides did not react com­
pletely with hydroxylamine in the relatively short reation 
time (1 hour) used in the method described; besides, the 
color of the ferric hydroxamates produced with several amides 
tested was usually less intense than that produced with 
formamide (Figure 8) . Therefore, if other amides are to be 
determined, the conditions for their analytical determination 
must be studied and appropriate standard curves prepared. 
Table 6 shows the effect of various inorganic cations 
and anions on the recovery of 40 and 80 fig of formamide N by 
the method described. The results presented in Table 5 in­
dicate that, when the 5-mL aliquots of formamide solution 
analyzed were made to contain 5 mg of K^, Na*, NH^, Ca^^, or 
Mg^^ and NOg, Cl~, S0^~, or P0^~, the recovery of formamide 
N was quantitative (99,1 to 101,5%). However, NO^ caused a 
slight decrease in the recovery of formamide when the ali­
quot analyzed contained 5 mg of a NO^ salt, but the interfer­
ence disappeared when the aliquot contained 1 mg or less of 
a NOg salt. Mizukami and Nagata (1956) reported that NH^, 
formic acid, and ammonium formate did not interfere with the 
determination of formamide by the hydroxamic acid method. 
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Table 5, Recovery of other amides by the method developed, 
using the standard curve obtained with formamide 
Amount of N Amount of N 
analyzed recovered^ 
Amide (fig) (fig) 
Anthr ani land de 10 0.4 (4) 
50 0.4 (1) 
100 0.6 (1) 
2-Cyanoacetami de 10 1.1 (11) 
50 3.8 (8) 
100 8.6 (9) 
N-Benzy If ormami de 10 5.7 (57) 
50 28.0 (56) 
100 55.6 (56) 
Glycinamide 10 1.5 (15) 
50 6.5 (13) 
100 13.3 (13) 
Acetamide 10 1.9 (19) 
50 9.5 (19) 
100 20.2 (20) 
Fluoroacetamide 10 6.1 (61) 
50 29.3 (59) 
100 59.4 (59) 
Propionami de 10 0.2 (2) 
50 5.7 (11) 
100 11.0 (11) 
2-Chloroacetamide 10 6.9 (69) 
50 34.3 ( 69) 
100 69.7 (70) 
figures in parentheses are percentages of N recovered. 
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Table 6. Effect of selected inorganic compounds on the re­
covery of formamide N 
Recovery of formamide N 
Inorganic compound added (gq) analyzed^ 
Compound Amount (mg) 40 80 
None 0.0 40.0 (100.0) 80.0 (100.0) 
KH2PO4 5.0 40.6 (101.5) 79.3 (99.1) 
5.0 40.2 (100.5) 81.4 (101.8) 
NH4NO3 5.0 40.4 (101.0) 80.4 (100.5) 
KNO3 5.0 40.2 (100.5) 79.4 (99.3) 
MgCNOgJg 5.0 40.5 (101.3) 80.2 (100.3) 
CaClg 5.0 40.2 (100.5) 80.8 (101.0) 
NaCl 5.0 40.0 (100.0) 80.6 (100.8) 
KNOg 5.0 38.8 (97.0) 78.0 (97.5) 
NaN02 5.0 38.4 (96.0) 79.0 (98.8) 
NaN02 1.0 39.6 (99.0) 79.6 (99.5) 
NaN02 0.1 40.0 (100.0) 80.4 (100.5) 
One mL of water or of a solution containing the inor­
ganic compounds indicated was added to the Na0H-NH20H-HCl 
mixture immediately before the addition of 4 mL of formamide 
solution (40 or 80 (ig N), Formamide N was analyzed by the 
method described. Figures in parentheses are percentages 
of formamide N recovered. 
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Quantitative recovery (99 to 101.8%) of 40 and 80 p.g of 
formamide N was obtained when the formamide aliquot analyzed 
contained 1 mg of N as the following amino acids: aspartic 
acid, glutamic acid, arginine, lysine, glycine, serine, and 
threonine (Table 7). The amino acid amides, asparagine and 
glutamine, the amino sugar, glucosamine, and thiourea inter­
fered with the method described, causing high recovery values 
for the formamide analyzed (Table 7). The interference by 
asparagine and glutamine is expected because these compounds 
are amides and react with hydroxy lamine to form hydroxamic 
acids (Grossowicz et al., 1950), Urea did not interfere with 
the determination of formamide, even when the concentration 
of urea N in the aliquot analyzed was 20 times greater than 
that of formamide N (Table 7). Urea is an amide but the 
-NH2 substituent group inhibits the formation of 
hydroxamic acid in the reaction of urea with hydroxylamine 
(Goldenberg and Spoerri, 1958). Soloway and Lipschitz (1952) 
found that urea and thiourea could be converted to hydroxamic 
acids when reacted with hydroxylamine in a propylene glycol 
media heated for 2 minutes at the boiling point of the mix­
ture; however, the reaction failed to produce hydroxamic 
acids when carried out under low boiling solvents, such as 
water, used in the method described here. 
Any colorimeter or spectrophotometer that permits color 
intensity measurements at 490-510 nm can be used for 
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Table 7. Effect of selected organic N compounds on the 
recovery of formamide N 
Recovery of formamide N 
(gg) analyzed^ 
Organic N added 40 80 
None 40. 0 (100. 0) 80. 0 (100. 0) 
Aspartic acid 40. 3 (100. 8) 80. 7 (100. 9) 
Glutamic acid 40. 2 (100. 5) 80. 1 (100. 1) 
Arginine 39. 6 (99. 0) 80. 5 (100. 6) 
Lysine 40. 0 (100. 0) 78. 8 (98. 5) 
Glycine 40. 7 (101. 8) 80. 4 (100. 5) 
Serine 39. 8 (99. 5) 79. 7 (99. ,6) 
Threonine 40. ,3 (100. 8) 79. ,5 (99. 4) 
Asparagine 58. 2 (145. 5) 98. ,0 (122. 5) 
Glutamine 118, .5 (296, .3) 161, .7 (202, .1) 
Glucosamine 45, .6 (114, .0) 85. 5 (106, .9) 
Urea 40, .6 (101, .5) 80, .5 (100 .6) 
Thiourea 48, .8 (122, .0) 88, .7 (110 .9) 
One mL of water or of a solution containing the or­
ganic compounds (1 mg N) was added to the Na0H-NH20H ' HC1 
mixture immediately before the addition of 4 itiL of formamide 
solution (40 or 80 fig N), Formamide N was analyzed by the 
method described. Figures in parentheses are percentages of 
formamide N recovered. 
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colorimetric analysis of the brownish-red color of the 
ferric-formohydroxamate complex produced by the method de­
scribed. The maximum absorption of the color produced was 
at 495 nm (Figure 2) and the color intensity measurement 
should be performed rapidly and at a constant time interval 
after development of the color because the color fades with 
time (Figure 5). With the exception of results in Figures 
1, 2, and 5, which were obtained with a PerKin-Elmer 552 
spectrophotometer, all the color intensity readings were 
made with a Klett-Summerson photoelectric colorimeter fitted 
with a green (No. 54) filter. If the intensity of the color 
obtained with the aliquot analyzed exceeds that obtained with 
150 pg of formamide N, the sample should be diluted so that 
the concentration of formamide N will fit within the range 
used for the standard curve. Because the standard curves 
prepared with standard formamide solutions vary slightly from 
day to day, a set of standards should be included in each 
series of analyses. 
The high precision of the method developed is illus­
trated by Table 8, which gives the results of replicate 
analyses of various amounts of formamide. 
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Table 8, Precision of the method developed 
Formamde N Formamlde N recovered^ 
analyzed Range Mean SD CV 
lag (ig N : % 
5 4.5-5.4 5.1 0.35 6.85 
10 9.8-10.4 10.1 0.25 2.52 
50 49.3-50.1 49.7 0.38 0.77 
100 98.7-100.2 99.7 0.69 0.69 
150 149.2-150.7 150.0 0.62 0.41 
^SD, standard deviation; CV, coefficient of variation. 
^Six analyses. 
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PART II. lETERMINATION OF FORMAMIEE ADDED TO SOILS 
80 
INTRODUCTION 
Formamide has been shown to be a good source of N for 
plants. Formamide can also be used to advantage in many 
liquid fertilizer formulations containing no free NH^. 
Therefore, formamide has a potential as a N fertilizer. 
In the few studies reporting on the transformations of 
formamide in soils, the disappearance of the formamide added 
to soils was assessed through indirect methods. In these 
studies, the products of amide N transformations (i.e., the 
inorganic N fractions) were measured (Rehling and Taylor, 
1937; Frankenberger and Tabatabai, 1981c, 1982a). Because 
soils usually contain inorganic N ions that are produced upon 
decomposition of amides, and because of the dynamic nature of 
the reactions involving inorganic N species in soils from 
native sources, small changes in the concentration of these 
ions, and thus, small changes in the concentration of form­
amide, becomes difficult to detect. A better way of follow­
ing the transformations of formamide in soils would be by ex­
tracting and assessing the portion of the formamide added 
that remained intact after various periods of time. However, 
no specific method of analysis of formamide in soils could 
be found in the literature. 
Relatively rapid hydrolysis of formamide in soils should 
be expected because of the high values of amidase activity 
in soils (Frankenberger and Tabatabai, 1980a), To avoid 
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hydrolysis of formamide during extraction of soils for de­
termination of formamide, an amidase inhibitor such as uranyl 
acetate should be included in the extractant solution. 
In Part I, a simple and sensitive colorimetric method 
for determination of microgram amounts of formamide in aqueous 
solutions vas developed. This method was shown not to be 
affected by most inorganic ions at the concentrations in 
which these ions are normally present in soil extracts. A 
few organic N compounds (i.e., asparagine, glutamine, glu­
cosamine, thiourea) interfered with the recovery of formamide 
by the method described in Part I, but these substances are 
not found in any sizable quantities in soil extracts, if 
they are found at all. 
The objective of this work was to evaluate the use of 
the colorimetric method reported in Part I for determination 
of formamide added to soils. 
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MATERIALS AND METHODS 
Materials 
The soils used (Table 9) were surface soils (0-15 cm) 
selected to give a range in chemical and physical properties. 
Each soil sample was air-dried and crushed to pass a 2-mm 
sieve. In the analyses reported in Table 9, pH was deter­
mined in water and in 0.01 M CaCl2 (soil-to-solution ratio, 
1:2.5) by a glass electrode, organic C by the method of 
Mebius (1950), total N by the method of Bremner (1965a), in­
organic N by the method of Bremner (1955b), cation exchange 
capacity by the ammonium saturation method of Chapman (1965), 
inorganic C (calcium carbonate equivalent) by the method of 
Bundy and Bremner (1972), particle-size distribution by the 
pipette method of Kilmer and Alexander (1949), and moisture 
by loss of weight after oven-drying at 105°C for 36 hours. 
Organic C and total N were determined in the <80 mesh soil 
samples. All other analyses were carried out by using the 
<2 mm soil samples. 
Reagents 
Reagents for colorimetric determination of formamide (3 
N sodium hydroxide, 2 N hydroxylamine hydrochloride, 3 N 
hydrochloric acid, 0.74 M ferric chloride, and standard 
formamide stock solution) were prepared as described in Part I. 
Table 9. Properties of the soils used 
Soil^ HgO CaCl2 
Organic 
C 
Total 
N 
Clarion 6.5 5.7 1,43 0.155 
Hayden 6.3 5.9 1,68 0.201 
Muscatine 6.7 6.2 2,05 0.220 
Webster 6.3 5.7 3,32 0.337 
Harps 7.9 7.5 3,85 0,401 
Canisteo 8.0 7.6 4,11 0,352 
^Soil-to-solution ratio, 1:2,5, CaCl2 used was 0.01 M. 
^Clarion—fine-loaiiy, mixed, mesic Typic Hapludolls; 
Hayden—fine-loamy, mixed, mesic Typic Hapludalfs; 
Muscatine—fine-silty, mixed, mesic Aquic Hapludolls; 
Webster—fine-loamy, mixed, mesic Typic Haplaquolls; Harps— 
fine-loamy, mesic Typic Calciaquolls; Canisteo—fine-loamy, 
mixed (calcareous), mesic Typic Haplaquolls. 
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Inorganic N _ CaCOg Mois-
NH^ No 2 CEC equiv. Clay Sand ture 
-mg N/kg soil- cmol(NHt) 
kg 
7.5 3.8 15.3 0 27 62 16 
15.0 10.0 13.8 0 16 34 17 
14.0 11.0 28.4 0 33 10 25 
9.5 00
 
29.9 0 30 41 21 
5.4 2.3 30.7 8. 12 30 36 27 
7.0 9.1 36.4 7. 07 37 6 28 
85 
Potassium chloride (KCl), 2 M - uranyl acetate 
[U02(C2H202)2'2H20], 0.005 M solution (KCl-UAc solution): 
Dissolve 2.12 g of reagent-grade uranyl acetate in about 700 
iriL of water, dissolve 150 g of reagent-grade KCl in this 
solution, dilute the solution to 1 liter with water, and 
mix thoroughly. Prepare this solution immediately before 
use. For calcareous soils, the KCl-UAc solution should be 
made 0.10 N or 0.15 N with respect to HCl by the addition 
of 8.2 or 12.3 mL of concentrated, reagent-grade HCl to the 
KCl-UAc solution after the addition of the KCl, 
Procedure 
Place 5 g of soil in a 125-mL French square bottle and 
add 50 mL of KCl-UAc solution. Stopper the bottle, shake it 
for 10 minutes on a mechanical shaker, and filter the re­
sulting suspension with a slow-speed filter paper (i.e., 
Whatman No. 42 filter paper) under suction. If a cal­
careous soil is used, replace the KCl-UAc solution by an 
acidified KCl-UAc solution so that the pH of the final ex­
tract stays within 3,0 and 5,5, A KCl-UAc solution made 
0.15 N in HCl was adequate to lower the pH of the soil ex­
tract to within 3.0 to 5.5 when the calcareous Harps and 
Canisteo soils were used; however, for other calcareous 
soils, an extractant solution with a different acid concen­
tration may be needed. 
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To determine formamide N in the soil extract, follow 
the procedure described in Part I, but instead of the aliquot 
of the aqueous formamide solution, pipette an aliquot (1 to 
5 mL) of the soil extract containing up to 150 |xg of form­
amide N. If the aliquot used is less than 5 mL, make up for 
the difference with an exact amount of deionized water. Cal­
culate the formamide N content of the soil extract by refer­
ence to a standard curve obtained with formamide standard 
solutions as described in Part I, 
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RESULTS AND DISCUSSION 
A suitable solution for extraction of both nonionic 
(i.e., urea) and ionic species (i.e., NH^, NO^, and NOp 
from soils is 2 M KCl (Bremner, 1965b; Douglas and Bremner, 
1970). Therefore, this solution was used to extract formamide 
from soils. Because formamide is susceptible to relatively 
rapid hydrolysis in soils by the enzyme amidase, an amidase 
inhibitor (uranyl acetate) was added to this solution 
(Frankenberger and Tabatabai, 1980a). Hence, the extractant 
used in the procedure described was 2 M KCl made 0.005 M 
with respect to UO2(C2H^02)2'2H2O, KCl-UAc. 
Preliminary work, showed that the yellow color of the 
uranyl acetate present in the extractant did not interfere 
with the colorimetric determination of formamide by the 
method described. 
The recovery of formamide N added to soils was not quan­
titative in all soils when the time of shaking during extrac­
tion was 1 hour and the ratio soil-to-extractant was 1:5 
(Table 10). A slightly higher formamide N recovery was ob­
served when formamide was added to the soil after than before 
addition of the KCl-UAc extractant, suggesting hydrolysis of 
formamide in the few minutes separating the addition of the 
amide from the addition of the extractant. The recovery of 
the formamide added was quantitative in soils with low pH 
and low organic matter (Clarion and Hayden soils). Much 
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Table 10. Recovery of formamide N added to soils 
Soil 
Formamide N 
added 
Formamide N recovered" 
B 
fig N/g soil 
Clarion 10 
50 
100 
101.5 
97.3 
102.0 
102.5 
101.0 
102.5 
Hayden 10 
50 
100 
93.7 
96.3 
97.0 
101.0 
101.8 
101.8 
Muscatine 10 
50 
100 
87.7 
94.9 
96.3 
97.7 
99.3 
97.7 
Webster 10 
50 
100 
90.9 
95.6 
95.6 
101.5 
98.8 
98.2 
Harps 10 
50 
100 
40.2 
58.7 
71.9 
(80.8) 
(86.9) 
(93.3) 
64.3 
68.3 
75.2 
(88.5) 
(91.5) 
(93.8) 
Canisteo 10 
50 
100 
45.4 
57.3 
64.6 
(80.8) 
(88.8) 
(93.6) 
51.4 
66.8 
70.7 
(86.4) 
(93.5) 
(94.8) 
Recovery values were determined by analyzing 10 g soil 
before and after treatment with 1 mL of formamide solutions 
containing 100, 500, or 1000 (ig formamide N/mL. Formamide 
solution was added immediately before (A) or after (B) addition 
of 50 mL of 2 M KCl-UAc extractant solution (soil: extract ant 
ratio = 1:5). After 1-hour shaking time, the soil-extract ant 
mixture was filtered through a Whatman filter paper No. 42 
and formamide was analyzed by the method described. Figures 
in parentheses are percentages of formamide N recovered when 
soil and extractant were shaken for 10 min. 
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lower recovery values (40-75%) of added formamide were ob­
served for the calcareous, high organic matter soils (Harps 
and Canisteo soils) (Table 10). Decreasing the time of 
shaking from 60 min to 10 min increased the recovery of 
formamide added to Harps and Canisteo soils (Table 10). 
Results showed that, in calcareous soils, the recovery of 
formamide in the soil extract increased as the rate of 
formamide applied increased (Table 10). The increased re­
covery values observed as the time of shaking was reduced and 
the rate of application of formamide increased suggest that 
the low recovery values are due to the hydrolysis of formamide 
during extraction and that uranyl acetate does not inhibit 
completely the activity of soil amidase. Attention should 
be drawn to the fact that the amounts of formamide added to 
soils in these tests were small (10 to 100 |j.g N/g soil) and 
that shaking the soil-extractant mixture promotes greater 
contact between the amide and the soil enzyme amidase. In 
calcareous soils, conditions are very favorable for form­
amide hydrolysis. Frankenberger and Tabatabai (1980a, 
1981a) showed that amidase activity in soils is optimum at 
high pH (optimum buffer pH = 8.5) and increases as the or­
ganic C content of soils increases. 
Because uranyl acetate was not completely effective in 
stopping formamide hydrolysis during soil extraction for 
formamide determination under the conditions used in the 
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test reported in Table 10, an attempt was made to inhibit the 
hydrolysis of formamide and obtain a quantitative recovery 
of the amide added to soils by reducing the pH of the ex-
tractant used. Table 11 shows the pH of soil extracts ob­
tained by using two ratios of soi1-to-extractant and three 
levels of pH values of the KCl-UAc solution. The pH values 
of the soil extracts obtained with calcareous soils (Harps 
and Canisteo) were <5.0 only when the extractant was made 
0.15 N with respect to HCl and the ratio of soil-to-
extractant was 1:10. Acidified KCl-UAc extractants lowered 
the pH of the soil extracts obtained with noncalcareous soils 
to pH levels close to those of the extractants (pH 1.26 for 
KCl-UAc made 0.10 N with respect to HCl, and pH 0.98 for 
KCl-UAc made 0.15 N with respect to HCl) . 
The recovery values of formamide N added to calcareous 
soils and extracted with acidified KCl-UAc solution after a 
shaking time of 10 or 60 minutes are shown in Table 12. The 
recovery of formamide was practically quantitative when the 
shaking time was 10 minutes, regardless of whether formamide 
was added to the soil before or after the extractant. When 
the shaking time was 1 hour, the recovery of the formamide 
added was about 90%, suggesting hydrolysis of formamide 
during the shaking period. 
If the soil extract becomes too acidic, the low pH will 
affect the analytical determination of formamide because the 
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Table 11, Effect of soil-extractant ratio and acidification 
of the 2 M KCl-UAc extract ant with HCl on the pH 
of extracts obtained with the soils studied 
pH of soil extract obtained 
with extractant indicated^ 
KCl-UAc- KCl-UAc-
KCl-UAc 0.1 N HCl 0.15 N HCl 
Clarion 1:5 4.75 1.21 0.99 
1:10 4.68 1.16 0.95 
Hayden 1:5 4.85 1.21 0.98 
1:10 4.72 1.15 0.95 
Muscatine 1:5 5.17 1.32 1.05 
1:10 4.89 1.20 0.98 
Webster 1:5 5.02 1.31 1.05 
1:10 4.82 1.19 0.97 
Harps 1:5 7.54 6.15 5.83 
1:10 6.93 5.39 3.07 
Canisteo 1:5 7.71 6.25 5.95 
1:10 6.92 5.73 3.36 
None — 4.55 1.26 0.98 
Soil extracts were obtained by shaking for 10 itiin a 
5- or 10-g soil sample with 50 ml of the extractants speci­
fied and filtering through Whatman No. 42 filter paper. The 
pH was measured with a glass electrode. 
Soil: 
extractant 
Soil ratio 
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Table 12. Effect of shaking time of soil-extractant mixture 
on the recovery of formamide N added to calcare­
ous soils 
Soil 
Formamide N 
added 
Formamide N recovered after _ 
shaking time (min) indicated" 
10 50 
(ig/g soil % of N applied-
Harps 50 99.5 (101.4) 93.8 (96.6) 
200 97.4 (97.9) 94.2 (94.2) 
Canisteo 50 97.7 (97.9) 89.1 89.1) 
200 97.7 (98.5) 93.6 (93.6) 
Recovery values were determined by analyzing 5-g 
samples of soil before and after treatment with 2 mL of 
formamide solution containing 200 or 1000 |xg formamide N. 
Formamide solution was added immediately before addition of 
2 M KCl-UAc-0.15 N HCl extractant solution. After shaking 
the mixture (10 or 60 minutes), it was filtered through a 
Whatman No. 42 filter paper and formamide was analyzed by 
the method described. Figures in parentheses are percent­
ages of formamide N recovered when formamide solution was 
added to soil immediately after the extractant solution. 
intensity and stability of the color of the ferric-
formohydroxamate complex is affected by pH. Indeed, only 
86 to 94% of the formamide N applied to Canisteo and Harps 
soils could be recovered following extraction after 10 
minutes of shaking when the KCl-UAc extractant was made 0.2 
N with respect to HCl, which resulted in soil extracts with 
pH levels around 2.0 (results not shown). Therefore, it is 
recommended that the pH levels of soil extracts used in the 
colorimetric determination of formamide be between 3.0 and 
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5.5. For noncalcareous soils, there is no need for acidifi­
cation of the extractant because soil extracts obtained with 
the solution recommended normally are within this pH range. 
With calcareous soils, the quantity of HCl that should be 
added to the KCl-UAc solution will depend on the calcium 
carbonate content of the soil. 
The recovery, by the method described, of formamide 
applied at three rates to six soils was essentially quanti­
tative, as shown in Table 13, The percentage recovery values 
varied from 97.4 to 100,7% of the fonnamide added to soils 
when the amide was applied before the addition of the ex-
tractant, and from 97.9 to 101.6% when formamide was added 
after the extracting solution. These recovery values are of 
significance because small amounts (20 - 200 p,g N/g of soil) 
of formamide were added to the six soils used. 
With the exception of the extract obtained by using the 
acidified KCl-UAc solution on Harps soil, all other soil 
extracts obtained by the method described could be stored 
safety for up to 20 days, if stored in a refrigerator (Table 
14). Because the chemical hydrolysis of formamide is enhanced 
in the presence of acids (Eberling, 1980), the storage for 
more than 1 day of acid extracts for analysis of formamide 
is not recommended. 
The high precision of the method is illustrated in 
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Table 13, Recovery by the method described of formamide N 
added to soils 
Soil 
Amount of 
formamide N 
added 
Formamide 
A 
N recovered^ 
B 
fig N/g soil -%• 
Clarion 20 97.7 98.7 
100 99.8 100.2 
200 97.5 97.9 
Hayden 20 99.1 101.9 
100 99.3 100.0 
200 100.2 99.9 
Muscatine 20 97.7 100.6 
100 98.3 99.4 
200 99.3 100.6 
Webster 20 98.1 99.1 
100 97.9 98.4 
200 99.4 98.5 
Harps 20 100.7 101.6 
100 97.4 99.3 
200 98.2 98.2 
Canisteo 20 97.7 99.7 
100 97.6 100.1 
200 97.4 98.0 
Recovery values were determined by analyzing 5-g 
samples of soil before and after treatment with 2 mL of form­
amide solutions containing 50, 250, or 500 (ig formamide N/mL. 
Formamide solution was added immediately before (A) or after (B) 
addition of 2 M KCl-UAc extractant solution. For use with 
calcareous soils (Harps and Canisteo) the 2 M KCl-UAc solu­
tion was made 0.15 N with respect to HCl, 
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Table 14. Effect of storage of soil extracts on the re­
covery of formamide N added to soils 
Formamide N recovered after storage 
(day) specified^ 
Soil extract 0 2 5 10 20 
ng N/g soil 
Clarion 101.5 100,7 100.8 99.7 100.8 
Hayden 101.5 101.9 101.6 101.1 . 100.4 
Webster 101.3 99.9 101.6 102.1 100.1 
Harps 97.9 96.4 94.1 93.5 93.7 
^wo mL of formamide solution containing 500 fxg N were 
added to, 5 g soil and immediately extracted with 2 M KCl-UAc 
(or 2 M KCl-UAc-0,15 N HCl for Harps soil) by the method 
described. The soil extracts were stored in a refrigerator 
at 4°C and formamide N was analyzed periodically. 
Table 15, which shows the results of replicate analysis of 
various amounts of formamide added to Clarion, Webster, and 
Harps soils. 
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Table 15, Precision of. method 
Formamide N Formamide N recovered 
Soil added Range Mean SD CV 
fig N/g soil -tig N/g soil % 
Clarion 20 20-22 20 0.5 2.1 
100 100-102 101 0.6 0.6 
200 199-203 201 2,4 1.2 
Webster 20 19-20 20 0,5 2.3 
100 99-103 101 1.4 1.4 
200 203-204 203 0.7 0.4 
Harps 20 19-20 19 0.3 1.7 
100 97-99 98 0.9 0.9 
200 196-198 197 0.9 0.5 
Recovery values were determined by analyzing 5-g 
samples of soil before and after treatment with 2 mL of 
formamide solutions containing 50, 250, or 500 p,g formamide 
N/mL. Formamide solution was added before addition of 2 M 
KCl-UAc extracting solution. For use with the calcareous 
soil (Harps), the 2 M KCl-UAc solution was made 0.15 N with 
respect to HCl, SD "= standard deviation; CV = coefficient 
of variation. 
^Five analyses. 
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PART III. HYDROLYSIS OF FORMAMIDE ADDED TO SOILS 
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INTRODUCTION 
The potential of formamide as a source of N for plants 
has been demonstrated in several studies (Rehling and Taylor, 
1937; Jones et al., 1966; Terman et al., 1968; Cantarella and 
Tabatabai, 1983). Therefore, the fate of formamide applied 
to soils deserves investigation. 
Hydrolysis of formamide yields NHg and formic acid. 
Formamide is hydrolyzed by the enzyme ami da se as well as by 
acids and alkalis. Although formamide is hydrolyzed slowly 
in aqueous solutions, the enzymatic hydrolysis of this com­
pound in soil is of a much greater importance than the chemi­
cal hydrolysis. In the enzyme assay developed by Frariken-
berger and Tabatabai (1980a), no hydrolysis of formamide 
could be detected in two hours following application of the 
amide to a steam-sterilized soil; however, a substantial pro-
duction of NH^-N was noticed when formamide was applied to 
three nonsterilized soils (251 to 701 pig NH^-N released/g 
soil»2 hours in soils treated with 0.1 nM of formamide/g 
soil). 
In the few studies in which the decomposition of form­
amide in soils was investigated, the results indicated that 
the hydrolysis of this compound was rapid. For instance, 
2 days after the application of formamide to several soils 
in a laboratory experiment, Rehling and Taylor (1937) found 
a sharp increase in the NH^ concentration in soils equivalent 
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to about 60 to 70% of the amide N applied. In the subse­
quent days, the NH^ concentration decreased and the NO^ con­
centration increased as nitrification continued. They re­
ported a similar pattern of decomposition for urea. Yanishev-
skii and Sennitskaya (1972) also found rapid hydrolysis of 
formamide in soils under aerobic conditions. In both studies, 
it was demonstrated that the inorganic N produced after hy­
drolysis of formamide was accumulated as NO^. Similar results 
were reported by Frahkenberger and Tabatabai (1982a). They 
applied formamide and other amides to several Iowa soils and 
incubated them for 14 days at 30°C. After this period, they 
found that 92 to 98% of the formamide N added could be ac­
counted for as NO2» 
Measurements of the amidase activity in six soils, when 
formamide was used as a substrate, showed values ranging from 
114 to 335 fig NH^ released/g soil* 2 hours (Frahkenberger and 
Tabatabai, 1980a). These results reflect the activity of the 
free enzymes in soils under optimum and presence of 
toluene. 
The degree of formamide hydrolysis in soils simulating 
more natural conditions, that is, in the absence of an ex­
ternal buffer and a microbial inhibitor, has not been evalu­
ated, largely because of the lack of a method for extraction 
and determination of formamide in soils. In Part I, a 
method for determination of microgram amounts of formamide 
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was described and, in Part II, the conditions for extraction 
and analysis of formamide added to soils were established. 
Therefore, the objective of this work was to study the fac­
tors affecting the hydrolysis of formamide added to soils. 
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MATERIALS AND METHODS 
The soils used in this investigation were those used in 
the studies reported in Part II, which were selected to give 
a range in pH, organic C, and texture (Table 9). 
In the several ecperiments performed in this work, the 
rates of hydrolysis of formamide in soils were determined 
under two conditions, aerobic and waterlogged. To determine 
the rate of hydrolysis of formamide under aerobic conditions, 
5 g of air-dried soil (unless otherwise specified) were placed 
in a 125-mL French square bottle and treated with 2 mL of 
solution containing 5 mg of formamide N (1000 ppm N on soil 
basis). This solution was added dropwise to moisten the whole 
soil sample. The bottle was stoppered and incubated at 10, 
20, or 30°C for various times, depending on the specific 
objective of the experiment. For clarity, the temperatures 
and times of incubation and other details pertinent to each 
experiment are described when the results of each experiment 
are discussed. 
The incubation under waterlogged conditions was similar 
to that under aerobic conditions, but the 5 mg of formamide 
N was added in 10 mL of water. Controls were performed with 
all soils. For controls, the 5-g samples were treated with 
2 or 10 mL of water for the aerobic and anaerobic incubations, 
respectively, and incubated along with the formamide-treated 
samples. After incubation, the soil was extracted with 50 mL 
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of the 2 M KCl-UAc extractant solution (or 2 M KCl-UAc made 
0.15 N with respect to HCl for the calcareous Harps and 
Canisteo soils) described in Part II. The procedure for ex­
traction and determination of formamide was the same that 
was described in Part II, 
All values reported are averages of duplicate determina­
tions expressed on moisture-free basis, moisture being deter­
mined from loss in weight after drying at 105°C for 24 hours. 
The amount of formamide hydrolyzed in each soil was cal­
culated as the difference between the amount of formamide 
added and that recovered from the soil by the method described. 
Amidase activity of the soil samples was determined by 
the method described by Frankenberger and Tabatabai (1980a), 
using formamide as the substrate. 
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RESULTS AND DISCUSSION 
The percentages of the formamide hydrolyzed at various 
times in six soils incubated at 20°C are shown in Figure 9, 
Formamide was applied at a rate of 1000 fig of formamide N 
per g of soil. The hydrolysis of formamide was fast in the 
calcareous soils, Canisteo and Harps; virtually all the 
formamide was hydrolyzed in time ranging from 9 to 11 hours. 
The time required for complete hydrolysis of formamide in the 
Webster, Muscatine, and Hayden soils varied from 15 to 24 
hours. Hydrolysis of formamide was somewhat slower in the 
Clarion soil; about 36 hours were required for hydrolysis 
of the formamide added to soils at 20°C. 
In the six soils studied, the soil organic C content 
seemed to be the soil property more closely related to the 
rate of formamide hydrolysis (Table 9 in Part II, and Table 
16). Results of Table 16 show that the higher the organic 
matter content of the soil, the faster the hydrolysis of the 
formamide applied. Urea hydrolysis is also favored in soils 
with high organic matter content (Gasser, 1964). 
The results reported in Table 16 show that there was no 
general trend in the relationship between the time required 
for complete hydrolysis of formamide applied to the six soils 
and the amidase activity of these soils determined with 
formamide as the substrate. Hydrolysis of formamide should 
be expected to proceed faster in the soil with the higher 
Figure 9. Effect of time of incubation on hydrolysis of formaitiide added to 
soils (1 mg of formamide N/g of soil). The incubation was carried 
out at 20 C under aerobic conditions 
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Table 16, Comparison of soil organic C content, time neces­
sary for hydrolysis at 20°C of 100% of the 
formamide added to soils, and amidase activity 
in soils 
Soil 
Organic 
C 
Time for 
100% 
hydrolysis 
Amidase , 
activity 
% hours NIît-N released/ g soil'2 h 
Clarion 1.43 36 159 
Hayden 1.68 22 359 
Muscatine 2.05 15 324 
Webster 3.32 15 488 
Harps 3.85 11 311 
Canisteo 4.11 9 354 
figures for hydrolysis of 100% of the formamide added 
to soils (1000 fig formamide N/g soil) were obtained by 
interpolation of results presented in Figure 9. 
^Amidase activity was assayed with formamide as the 
substrate. 
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aitiidase activity (e.g., Webster soil) but the results re­
ported in Table 16 indicate that the hydrolysis of formamide 
applied to this soil was slower than that observed in Harps 
and Canisteo soils, which had lower amidase activity. A 
possible reason for this discrepancy is the difference in pH 
values of the soils and the optimum buffer pH used in assay 
of amidase activity in soils. In the formamide hydrolysis 
experiment, the soils were treated with formamide and incu­
bated without receiving further amendments, whereas in the 
enzyme assay, the soils were treated with a microbial in­
hibitor (toluene) to prevent the induction of amidase by the 
substrate (formamide) and to avoid microbial proliferation, 
and were maintained in a buffered solution with optimum pH 
(pH = 8.5). It is not possible to make further inferences 
about the inconsistencies between the rate of formamide 
hydrolysis and the amidase activity measured with formamide 
as a substrate because only six soils were used in the 
present work. Furthermore, Frankenberger and Tabatabai 
(1981a) reported a highly significant relationship (r = 
0.74***) between amidase activity and the organic C content 
of 21 soils, which is in agreement with the data reported in 
Figure 9 and Table 16. 
The effect of temperature on hydrolysis of formamide 
applied to Harps, Webster, and Clarion soils is shown in 
Figure 10. The results presented show that temperature 
Figure 10. Effect of temperature on hydrolysis of 
formamide added to soils (1 mg of formamide 
N/g of soil) and incubated under aerobic 
conditions 
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greatly influences the hydrolysis of formamide in soils. 
The higher the temperature of incubation, the faster the 
hydrolysis of formamide. The times necessary for hydrolysis 
of 100% of the formamide applied to Harps, Webster, and 
Clarion soils incubated at 30°C were 8, 10, and 20 hours, 
respectively; the corresponding figures for these soils in­
cubated at 10°C were 24, 36, and 84 hours, respectively. 
It is evident from the results presented in Figures 9 
and 10 that formamide applied to soils is rapidly hydro lyzed, 
even at temperatures as low as 10°C. The enzymatic hydroly­
sis of urea in soils also takes place rapidly, usually in 
less than one week (Chin and Kroontje, 1963; Terman, 1979). 
Rehling and Taylor (1937) measured NH^ production after ap­
plication of formamide and urea to soils and reported that 
the ammonification of both formamide and urea in soils was 
generally complete two days after application of the ni­
trogenous compounds. Yanishevskii and Sennitskaya (1972), 
in a laboratory experiment, found that formamide appeared 
to be ammonified more rapidly than urea, but the rate of 
nitrification of both compounds was similar. 
The effect of several fertilizer compounds on the hy­
drolysis of formamide added to soils was studied by treating 
the 5-g soil samples with 5 mg of formamide N with or without 
5 mg of N, P, or K as the fertilizer compounds specified in 
Table 17. The soils were incubated at 20°C for 5 hours, and 
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Table 17. Effect of fertilizer compounds on hydrolysis of 
formamide added to soils 
Fertilizer compound 
Formamide (F) 
F + ammonium nitrate 
F + ammonium sulfate 
F + urea 
F + calcium dihydrogen 
phosphate 
F + monoammonium phosphate 
F + diammonium phosphate 
F + potassium dihydrogen 
phosphate 
F + potassium chloride 
F + potassium sulfate' 
Percentage of formamide 
hydroIvzed in soil specified 
Harps Clarion Webster 
— % 
56 15 51 
58 13 48 
56 13 49 
31 7 37 
33 3 29 
33 3 31 
48 15 51 
34 6 32 
57 15 50 
56 15 50 
Five grams of air-dried soil were treated with 2 mL of 
solution containing 5000 fig of formamide N with or without 
5000 fig of N, P, or K as the compund specified. The soils 
were incubated at 20°C for 5 h. Formamide remaining after 
incubation was determined colorimetrically in extracts ob­
tained by shaking the soil for 10 min with 50 iriL of 2 M KCl-
UAc (or 2 M KCl-UAc-0.15 N HCl for the calcareous Harps soil) 
and filtering. Formamide hydrolyzed was calculated by sub­
tracting the amount remaining after incubation from that 
added. 
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the formamide remaining in the soil after incubation was de­
termined. The results (Table 17) indicate that the addi­
tion of ammonium nitrate, ammonium sulfate, diammonium phos­
phate, potassium chloride, and potassium sulfate had little 
or no effect on the hydrolysis of formamide. Several 
phosphate-containing fertilizers substantially reduced the 
percentage of formamide hydrolyzed during the 5-hour incuba­
tion; these were calcium dihydrogen phosphate, monoammonium 
phosphate, and potassium dihydrogen phosphate. It is inter­
esting to note that these phosphate compounds produce an 
acidic reaction upon dissolution, whereas diammonium phos­
phate, which caused little or no reduction in the hydrolysis 
of the formamide applied to soils, produces an alkaline re­
action when dissolved in water. Phosphate compounds have a 
similar effect on urea hydrolysis. Bremner and Douglas 
(1971) showed that the phosphoric acid in urea phosphate 
caused a decrease in the soil pH and retarded the enzymatic 
hydrolysis of urea by soil urease. The same effect was ob­
served by Carrier and Dernier (1976) when they treated a 
forest floor raw humus with triple superphosphate or potas­
sium-magnesium sulfate. 
The addition of urea to-formamide caused a marked reduc­
tion in the hydrolysis of formamide in soils (Table 17). It 
is not known whether or not urea can be hydrolyzed by. amidase, 
but pure, crystalline jack bean urease failed to hydrolyze 
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some aliphatic amides, including formamide (Frahkenberger 
and Tabatabai, 1982a), Because urea and formamide have a 
similar molecular structure, it is possible that urea was 
competing with formamide for the active site in amidase, and 
thus reduced the rate of hydrolysis of formamide. 
The hydrolysis of formamide applied to field-moist soils 
was greater than that observed when amide was added to air-
dried soils (Table 18). The results are in agreement with 
the observation of Frankenberger and Tabatabai (1981a) that 
the activity of amidase decreases upon air-drying of field-
moist soils. 
The rate of hydrolysis of formamide was higher under 
aerobic than under waterlogged conditions (Table 19). On the 
average, the percentage of the formamide hydrolyzed in soils 
under waterlogged conditions was about 85% of that hydrolyzed 
under aerobic conditions. The difference in rates of hy­
drolysis is partly due to the higher concentration of form­
amide in the soil solution under aerobic than under water­
logged conditions. 
Transformations of nitrogen of a variety of amides added 
to soils and incubated under aerobic conditions are reported 
by Frarikenberger and Tabatabai (1982a); therefore, no attempt 
was made to investigate the nitrification of formamide in the 
six soils used. 
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Table 18. Effect of soil pretreatment on hydrolysis of 
formaitiide 
Soil Pretreatment^ 
Formamide hydrolyzed 
after 
4 h 8 h 
Clarion AD 15 29 
FM 30 55 
Hayden AD 33 57 
FM 56 96 
Muscatine AD 38 69 
FM 65 99 
Webster AD 46 73 
FM 80 99 
Harps AD 48 89 
FM 71 100 
AD = air-dried soil; FM = field-moist soil. Five 
grams (on oven-dried basis) of air-dried or field-moist soil 
in a 125-mL French square bottle were treated with 2 mL 
(air-dried soil) or 1 mL (field-moist soil) of solution con­
taining 5000 (xg of formamide N. The soil was incubated at 
20OC for 4 and 8 h. Formamide remaining after incubation 
was determined colorimetrically in extracts obtained by 
shaking the soil for 10 min with 50 mL of 2 M KCl-UAc (or 
2 M KCl-UAc-0.15 N HCl for the calcareous Harps soil) and 
filtering. Formamide hydrolyzed was calculated by subtract­
ing the amount remaining after incubation from that added. 
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Table 19. Effect of incubation conditions on hydrolysis of 
formamide in soils 
Formamide hydrolyzed 
after 
Soil Condition^ 4 h 8 h 
Clarion A 
i 
15 29 
WL 15 23 
Hayden A 33 57 
WL 24 46 
Muscatine A 38 69 
WL 34 62 
Webster A 46 73 
WL 36 62 
Harps A 48 89 
WL 43 73 
Canisteo A 57 96 
WL 50 82 
A = aerobic; WL = waterlogged. Five grains of air-
dried soil (on oven-dried basis) in a 125-mL French square 
bottle were treated with 2 mL (aerobic) or 10 mL (water­
logged) of solutions containing 5000 fxg of formamide N. 
The soils were incubated at 20°C for 4 and 8 h. Formamide 
remaining after incubation was determined colorimetrically 
in extracts obtained by shaking the soil for 10 min with 50 
mL of 2 M KCl-UAc (or 2 M KCl-UAc-0.15 N HCl for the cal­
careous Harps and Canisteo soils) and filtering. Formamide 
hydrolyzed was calculated by subtracting the amount remaining 
after incubation from that added. 
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PART IV. VOLATILIZATION OF AMMONIA FROM NITROGEN 
FERTILIZERS ADDED TO SOILS 
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INTRODUCTION 
The use by crops of N fertilizers applied to soils is 
generally estimated to be between 30 to 70% (Legg and 
Meisinger, 1982). Great losses of fertilizer N may occur 
under certain conditions. For instance, losses of fer­
tilizer N by leaching, largely as NO^, occur when N fer­
tilizers are applied to soils in an excess of what the crop 
can utilize in a given period of time and when water movement 
downwards in the soil profile is large. Losses of N by 
denitrification takes place under anaerobic conditions, 
which may occur in localized microsites even in well-aerated 
soils (Firestone, 1982), Variable amounts of N may be lost 
from soils by chemodenitrification of NO^ or NO^ (Nelson, 
1982). Ammonia volatilization is also an important pathway 
by which N fertilizers are lost from soils. 
Large losses of N by NH^ volatilization take place when 
ammonium-containing or producing fertilizers are surface ap­
plied to soils of high pH; however, N fertilizers such as 
urea, which, upon hydrolysis, causes an increase in the pH 
around the fertilizer particle, may bring about sizable NHg 
losses even if applied to acidic soils (Ernst and Massey, 
1960). Ammonia volatilization losses are enhanced by high 
soil temperatures, high rates of fertilizer application, 
and by conditions that favor the drying process in the soils 
(Martin and Chapman, 1951; Overrein and Moe, 1967; Fenn and 
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Kissel, 1976). Losses by NH^ volatilization are reduced when 
N fertilizers are mechanically incorporated or are watered 
in the soil by irrigation or rainfall (Meyer et al., 1961; 
Fenn and Miyamoto, 1981). Ammonia volatilization losses 
are higher from fertilizers applied to sandy than to heavy-
textured, high-CEC soils (Fenn and Kissel, 1976; Gasser, 1964). 
Formamide and oxamide are potential N fertilizers, 
Formamide, which is a liquid at normal temperatures, can serve 
as solvent for urea and many other ammonium salts, and there­
fore, can be used in the preparation of high concentration 
liquid fertilizers (Jones et al., 1966). Oxamide has low 
solubility in water and exhibits slow-release properties when 
large granules of this material are used (Ogata and Hino, 
1958a,b). Both formamide and oxamide were shown to be com­
parable to conventional N fertilizers such as urea and am­
monium nitrate as sources of N for plants (Brown and Reid, 
1937; Terman et al., 1968; Hunter, 1974; Cantarella and 
Tabatabai, 1983). Little information is available on the 
NH^ volatilization losses that may occur when formamide and 
oxamide are applied to soils. Lower crop recoveries of N 
from oxamide (Engelstad et al., 1964; Beaton et al., 1967; 
Terman et al., 1968; Allen et al., 1971) and from formamide 
(Terman et al., 1968) surface-applied to soils as compared 
with recovery of N following soil incorporation of these com­
pounds indicated that volatilization losses, presumably as 
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NHg, occurred. In only one experiment, actual measurements 
of NHg volatilized from formamide applied to soils were made; 
Loftis and Scarsbrook (1969) reported that losses of NH^ from 
formamide applied to three soils increased with the rate of 
application and decreased with the increase of the CEC of the 
soils. In this experiment, little air movement above the 
soil was allowed and conditions may have limited the extent 
of NHg volatilization. 
No direct measurements of NH^ volatilized from oxamide 
applied to soils have been made. Because losses of N through 
NHg volatilization may occur when formamide and oxamide are 
applied to soils, more information is needed on the extent of 
losses and on the conditions under which NH^ volatilization 
takes place. 
Recently, great emphasis is being placed on no-till and 
minimum-tillage practices in agriculture. Under these man­
agement practices, fertilizers are usually placed on the soil 
surface and frequently over plant stubbles and crop residues. 
The little information available on the NH^ volatilization 
losses of N fertilizers applied to soils covered with plant 
residues indicates that the presence of plant material 
usually enhances NH^ losses of surface-applied urea and other 
urea-containing fertilizers of alkaline reaction (Meyer et 
al., 1961). Plant materials contain both urease and amidase 
activities and can hydrolyze both urea and formamide 
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(Frankenberger and Tabatabai, 1982b). Therefore, formamide 
surface applied to crop residues may be subject to NH^ 
volatilization losses similarly to urea. However, no in­
formation is available on the extent of the losses that may 
occur when formamide is added to soils covered with plant 
residues, or managed under minimum-tillage practices. 
The objectives of this work were to study under lab­
oratory conditions (1) NH^ volatilization from soils as 
affected by applications of formamide, oxamide, urea, and 
other forms of N fertilizers, and (2) the effect of fertilizer 
placement and presence of crop residues, simulating conditions 
of minimum-tillage practices, on NH^ volatilization from N 
fertilizers. 
121 
MATERIALS AND METHODS 
Materials 
Four soils were used in this investigation. They 
were Clarion, Webster, Harps, and Canisteo, which were se­
lected to give a range in physical and chemical properties 
(Table 9), and were collected from fields under grass, which 
had not been cultivated or fertilized with N in the previous 
year. All soils used in this work were air-dried and ground 
to pass a 2-mm sieve. 
The N compounds used (Table 20) were reagent-grade 
chemicals. Formamide is liquid and was applied in solution. 
Oxamide is a solid of little solubility in water and was 
applied as a fine powdered (<100 mesh) material. The other N 
fertilizers used are solids and were applied as crystals in 
experiments 1 to 5 (fertilizers surface applied) and as solu­
tions in experiments 5 to 8 (methods of application). 
Ammonia Volatilization Chamber 
The NHg volatilization experiments were conducted in 
the laboratory in continuous-flow chambers in which the NH^ 
volatilized from the soil enclosed in the chamber was swept 
into a stream of NH^-free air passing over the soil surface 
and collected into a trapping solution. The trapping solu­
tion was a 2% boric acid-indicator solution prepared as 
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Table 20. Nitrogen fertilizer used 
Fertilizer Formula % N 
Monoammonium phosphate NH4H2PO4 12.2 
Diammonium phosphate (NH4)2HP04 21.1 
Ammonium sulfate (NHjlzSOj 21.2 
Formamide^ HCONH2 31.1 
Oxamide^ NHgCOCONHg 31.8 
Urea NHgCONHg 46.6 
^Liquid, 
^^^Low solubility in water (0,04 g/100 itiL). 
described by Bremner (1965a). 
The chamber (Figure 11), made of transparent acrylic 
(Plexiglas, manufactured by Rohm and Haas, Philadelphia, Pa. ), 
consisted of a hollow cylindrical column with the bottom end 
fixed onto a square base and the upper end covered with a 
removable lid which hermetically sealed the chamber. In the 
lower face of the lid, there was a circular groove that fitted 
exactly on the upper edge of the cylinder, A neoprene "O" 
ring placed inside the groove assured a perfect' seal to the 
chamber. The lid was kept tightly in place by four metal 
bolts linking the comers of the square base to the corners 
of the lid. The bolts were fastened with wing nuts. Two 
acrylic tubings, fitted to holes perforated at opposite sides 
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Figure 11, Diagram of volatilization chamber 
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of the upper part of the cylinder, constituted the air inlet 
and outlet, respectively. Attached to the outlet tubing 
there was a glass tubing shaped like an upside down "L" 
through which the air leaving the chamber was carried to the 
trapping solution. A "V"-shaped, plastic structure was glued 
to the inside wall of the cylinder, in front of the air-inlet 
opening. The purpose of this structure was to distribute the 
incoming air more evenly over the surface of the soil inside 
the chamber. Details of a chamber are shown in Figure 11. 
The dimensions of the chamber were as follows: the 
hollow cylindrical column was 7 cm long, with an internal 
diameter of 8.26 cm and a wall thickness of 0.32 cm; the 
acrylic base was 0.64 cm thick and 10.16 cm square; the 
acrylic lid had the same side dimensions of the base but was 
0.95 cm thick; the holes (0.7 cm in diameter) of the air 
inlet and outlet were centered 0.8 cm down from the upper 
edge of the cylinder, and the acrylic tubings glued to these 
holes were 5 cm long and 0.5 cm internal diameter; the "L 
shaped extension of the outlet tubing was 20 cm long. 
Experimental Set-up 
The number of chambers used in the several experiments 
carried out varied from 28 to 37. The chambers were placed 
side by side on two-level wooden racks set on a laboratory 
bench. The air inlets of the chambers were connected by 
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manifolds to a central compressed-air system. The manifolds 
•were assembled with polyethylene tiibings and connecting-
"T" glass tubes. 
An air purifying system was placed between the laboratory 
compressed-air valve and the manifolds supplying air to the 
chambers. The air purifying system consisted of an air filter 
to remove oil and particles in suspension from the compressed 
air, a pressure regulator to keep the pressure in the line 
constant, a 10-L carboy containing 5 L of scrubbing solution 
(0.1 N HgSO^) to remove NHg from the compressed air, and a 
10-L carboy containing 5 L of deionized water to humdify the 
air. Removal of NH^ and humification of the air was accom­
plished by bubbling the air in the NHg-scrubbing and humidify­
ing solutions, respectively. 
The tips of the inverted "L"-shaped air outlet of the 
chambers were immersed in 2% boric acid-indicator solution 
in 200-mL glass bottles. 
The air-inlet tubings of the chambers were linked to the 
air-supplying manifold by 10-cm long, soft rubber tubings. 
Hoffman pinchcock clamps, placed aroung the soft rubber 
tubings, were used to control the apertures of the rubber 
tubings, and therefore, to adjust the air-flow rate for each 
chamber individually. To adjust the air-flow rate of each 
chamber, the tip of the air-outlet tubing of the chamber was 
momentarily removed from the NH^-trapping solution and 
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connected to an air-flow meter; then, the Hoffman pinchcock 
•was unscrewed or fastened until the desired air-flow rate 
was achieved. This operation was repeated for each chamber. 
Because all chambers were connected to the same manifold, 
the adjustment of the air-flow rate of one chamber caused 
a change in the airflow rates-of all other chambers. Usually, 
several rounds of adjustments of air-flow rate of individual 
chambers were necessary until an equilibrium conditions was 
reached, in which all chambers had a uniform desired air-flow 
rate. 
The pressure of the air in the air purifying system was 
maintained constant at 20.7 kPa (3 p.s.i.), and the air-flow 
rate inside the chamber was about 1.2 L/min. 
It is unlikely that, under field conditions, the lack of 
air movement limits the amount of NH^ that volatilizes from 
the soil. Therefore, the air-flow rate in the chamber should 
be high enough to prevent readsorption of the NH^ volatilized 
and avoid variations due to low rates of air displacement. 
Using volatilization chambers similar to the one described 
here, Fenn and Kissel (1973) and Kissel et al, (1977) found 
that minimum variability in the results and maximum NH^ re­
moval were accomplished when the air exchange rates were 
about 15 to 20 chamber air-volumes per minutes. In the 
present work, about 300 g of air-dried soil was placed in the 
chamber so that the head space above the soil level was about 
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1.5 on deep, which gave a volume for air exchange of about 
80 cm^. Therefore, the air-flow rate of 1.2 L/min was 
equivalent to about 15 chamber air-volume exchanges/min. 
Description of Experiments 
A total of eight experiments were set up to study the 
effect of source of N, method of fertilizer application, and 
effect of crop residues on NH^ volatilization losses from 
soils. 
The experiments were carried out in volatilization cham­
bers (Figure 11) at room temperature. The air temperature in 
the laboratory was daily monitored with a maximum/minimum 
thermometer and ranged from 20 to 25°C. Variations due to 
outside temperature were minimized by controlling the tem­
perature of the laboratory with the use of air conditioning 
or heating system. 
Experiment 1 
The objective of this experiment was to assess the NH^ 
volatilization losses from a Clarion soil as affected by 
source and rate of surface application of N fertilizers. 
The fertilizers used were ammonium sulfate, urea, 
formamide, and oxamide. The rates of application were 134 
and 268 mg N/chamber, equivalent to 250 and 500 kg N/ha, 
respectively, calculated on a surface-area basis. 
Each volatilization chamber received 300 g of air-dried 
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soil, crushed to pass a 2-inm screen. Deionized water was 
added to bring the soil moisture content to 25%. Then the 
fertilizers were surface applied to the moist soil. The 
solid fertilizers (ammonium sulfate, urea, and oxamide) were 
added as crystals and formamide was added in solution. The 
crystals or solution (2 mL) containing the appropriate amounts 
of N were evenly distributed over the soil surface. Immedi­
ately after the addition of the fertilizers, the chambers 
were covered tightly. After the treatments had been applied 
to all chambers, the compressed-air delivery system was turned 
on and the collection of NH^ volatilized was initiated. The 
NH^ volatilized from the soil was collected into 80 mL of 
2% boric acid-indicator solution. As NH^ was absorbed into 
the trapping solution, the pH of this solution increased and 
the indicator changed from reddish-brown to green. The boric 
acid-indicator solution was changed at 24-hour intervals or 
more frequently. The experiment was discontinued after 13 
days. At the end of this period, only very small amounts of 
NHg were volatilizing from most treatments, usually less than 
1% per day of the total N added. 
All treatments were replicated three times. Three con­
trols to account for NH^ volatilized from nonfertilized soil, 
and one blank (chamber without soil) were also included. 
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Experiments 2, 3, and 4 
Experiments 2, 3, and 4 were essentially duplications 
of experiment 1, but using Webster, Harps, and Canisteo soils, 
respectively, instead of the Clarion soil used in the first 
experiment. 
The procedure, the N fertilizers used, and the rates of 
N application were the same as in experiment 1, but the 
volume of the boric acid-indicator solution used to trap the 
NHg volatilized was changed from 80 mL in the first experi­
ment, to 150 mL in all the subsequent experiments. 
All the experiments lasted 13 days, after which only 
very small amounts of NHg were volatilizing from most treat­
ments. 
Experiment _5 
The objective of experiment 5 was to compare the NHg 
volatilization losses from two fertilizers, monoammonium 
phosphate (MAP) and diammonium phosphate (DAP), surface 
applied at two rates of application, 134 and 268 mg N/chamber 
(250 and 500 kg N/ha, respectively, on a surface-area basis), 
to Clarion, Webster, Harps, and Canisteo soils. 
For all treatments, 300 g of air-dried soil ground to 
pass a 2-mm screen were used. The soils were brought to 25% 
moisture content before surface application of the fertilizers. 
The N fertilizers used were applied as crystals. All 
treatments were duplicated. One control treatment for each 
130 
soil, to account for the NH^ volatilized from nonfertilized 
soils, and one blank (chamber without soil) were included. 
All other procedures were similar to the ones described 
for the previous experiments. The experiment was discon­
tinued after 11 days, when only very small amounts of NH^ 
were volatilizing from the treated soils. 
Experiments 6, 7, and 8 
The objectives of experiments 6, 7, and 8 were to study, 
under laboratory conditions, the effect of methods of N fer­
tilizer application and presence of crop residues on the soil 
surface, on NH^ volatilization losses from four N fertilizers 
applied to soils. The soils used were Webster, Harps, and 
Canisteo; one soil was used in each experiment. The presence 
of crop residues on the soil surface aimed to simulate, in the 
laboratory, the conditions that occur under minimum tillage 
management practices. 
Three hundred grams of air-dried soil were used in the 
treatments without crop residues. In the treatments with 
crop residues, a volume of soil equivalent to the volume of 
the residues was ronoved from the chambers so that the depth 
of the soil or soil plus crop residues was the same; there­
fore, the same air exchange space was maintained in all cham­
bers. As in the previous experiments, the soil was watered 
to a moisture content of 25% on a soil-weight basis, but an 
additional 10 mL of water was added to moisten the crop 
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residues. The fertilizers were applied to the moistened 
soil. 
The methods of fertilizer application included (1) fer­
tilizer applied in a band 3 cm deep, which was then covered 
with soil; (2) fertilizer mixed with the upper 3-cm layer of 
the soil; (3) fertilizer surface applied over bare soil; 
(4) fertilizer surface applied over a mulch of crop residues 
placed on top of soil; (5) fertilizer surface applied over 
crop residues incorporated to the upper 3-cm layer of soil. 
The N fertilizers used were DAP, formamide, oxamide, and 
urea. The rate of application was 134 mg N/chamber, equiva­
lent to 250 kg N/ha on a surface-area basis. With the excep­
tion of oxamide, which was applied as a powder (<100 mesh), 
all other N sources were applied as solutions (2 mL/chamber). 
Because oxamide has very low solubility in water, it was 
included only in the treatments in which it could have a 
better contact with the soil, that is, when the fertilizer 
was banded or mixed with the upper 3-cm layer of soil. All 
other fertilizers were tested in all methods of application 
studied. 
The experimental procedures used were similar to those 
described for experiments 2-5. The œcperiments were discon­
tinued after 12 days when only very small amounts of NH^ were 
volatilizing from the treated soils. 
All treatments were duplicated. Controls were included 
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to account for the NH^ volatilized from nonfertilized soils 
and from crop-residue treated soils. A blank (chamber with­
out soil) was also included. 
The crop residues used consisted of corn stalks and 
leaves left in the field after the grain was harvested. The 
material was crushed in a Wiley mill until the largest piece 
was about 1 cm in its largest dimension. Before use, the 
crop residues were stored in a refrigerator at 4°C. The 
rate of application was 4 g of dry residue per chamber, which 
was equivalent, on a surface-area basis, to approximately 
7.5 Mg/ha. 
Chemical Analysis 
The NHg collected in the 2% boric-acid indicator solu­
tion was determined by potentiometric titration with standard 
0.05 N H^SO^. During the titration, the pH of the boric acid-
indicator solution was monitored with a combination glass 
electrode. The pH of the end-point of the titration was that 
of the boric acid-indicator solution obtained from the bottle 
connected to the chamber of the blank treatment (chamber 
without soil). 
The amounts of NHg volatilized from the controls (cham­
bers with nonfertilized soils) were usually very small or 
negligible, but, nevertheless, were subtracted from the NH^ 
volatilized from the corresponding N-treated soils. 
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The results obtained with formamide suggested its vola­
tilization at the initial period of experiment 1, However, 
not all samples of the first experiment were analyzed for 
formamide; hence, the results of formamide volatilization are 
reported only for experiments 2-4 and 5-8, 
Preliminary tests showed that formamide could be re­
covered quantitatively when a solution containing formamide 
was steam-distilled with a strong alkali solution such as 10 
N NaOH. Therefore, formamide was determined by steam dis­
tillation of a sample of the trapping solution. After the 
determination of NH^ by titration, the boric acid-indicator 
solution was transferred quantitatively to a 250-roL volu­
metric flask and the volume was completed with deionized 
water. A 10- or 20-mL aliquot of this solution was analyzed 
by steam distillation with 5 mL of 10 N NaOH using the 
apparatus described by Bremner (1965b), The formamide N 
volatilized was calculated as the difference between the N 
determined by steam distillation and the N determined by 
titration. 
After the volatilization experiments were teirminated, 
the top 1-cm layer of the soil inside the chambers was re­
moved and the pH of these soil samples was determined in 
both water and 0.01 M CaClg, using a soil-to-solution ratio 
of 1:2.5. 
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The moisture content of randomly selected soil samples 
collected at the end of each experiment was determined by 
difference in weight after drying at 105°C for 24 hours. 
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RESULTS AND DISCUSSION 
The NHg volatilization studies reported in this work 
were carried out in volatilization chambers in the labora­
tory. Although no direct extrapolation of the results to 
field conditions is contemplated, volatilization chambers 
are valuable tools in expanding the knowledge about the NH^ 
volatilization process. Such chambers allow a detailed ex­
amination, under controlled conditions, of the factors af­
fecting NHg volatilization from soils. 
For convenience, the results obtained will be discussed 
under the subheadings: ammonia volatilization from surface-
applied fertilizers; effect of crop residues and placement of 
N fertilizers on NH^ volatilization; and formamide volatiliza­
tion following its application to soils. 
Ammonia Volatilization from Surface-Applied 
Fertilizers 
The cumulative amounts of NH^ volatilized from ammonium 
sulfate, formamide, oxamide, and urea sulfate applied at two 
rates of N to Clarion, Webster, Harps, and Canisteo soils are 
shown in Figures 12, 13, 14, and 15, respectively. The period 
of collection of NH^ volatilized from all soils was 13 days. 
Losses of NHg from ammonium sulfate surface applied to 
the slightly acidic Clarion and Webster soils were negligi­
ble (Figures 12 and 13), On the other hand, when ammonium 
Figure 12. Cumulative amounts of NH3-N volatilized from N fertilizers surface 
applied to Clarion soil at rates equivalent to 250 and 500 kg N/ha 
(134 and 268 mg N/chamber) 
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Figure 13, Cumulative amounts of NH3-N volatilized from N fertilizers surface 
applied to Webster soil at rates equivalent to 250 and 500 kg N/ha 
(134 and 268 mg N/chamber). Gaseous N losses from formamide included 
both NH3 and formamide (formamide volatilized was <1,5% of the total 
formamide N applied) 
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Figure 14, Cumulative amounts of NH3-N volatilized from N fertilizers surface 
applied to Harps soil at rates equivalent to 250 and 500 kg N/ha 
(134 and 268 mg N/chamber), Gaseous N losses from formamide included 
both NH3 and formamide (formamide volatilized was <1% of the total 
formamide N applied) 
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Figure 15, Cumulative amounts of NH3-N volatilized from N fertilizers surface 
applied to Canisteo soil at rates equivalent to 250 and 500 kg N/ha 
(134 and 268 mg N/chamber), Gaseous N losses from formamide in­
cluded both NH3 and formamide (formamide volatilized was <1% of the 
total formamide N applied) 
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sulfate was surface applied to the calcareous Harps and 
Canisteo soils, about half of the fertilizer N added was lost 
through NH^ volatilization (Figures 14 and 15), These results 
agree with those reported in the literature. Several re­
searchers reported that little or no NH^ volatilization 
losses should be expected from acid or neutral soils treated 
with fertilizers such as ammonium sulfate, which produces 
an acidic reaction upon dissolution (Martin and Chapman, 
1951; Meyer et al., 1961; Terman et al., 1968). It has also 
been reported that surface applications of ammonium-containing 
fertilizers to calcareous soils resulted in substantial losses 
of NHg by volatilization (Fenn and Kissel, 1973, 1974; Har­
grove et al., 1977). 
Large amounts of NHg were volatilized from urea and 
formamide surface applied to both acid and calcareous soils 
(Figures 12-15). In the four soils used, the amounts of NH^ 
volatilized were greater from urea than from formamide, es­
pecially at the high rate of N application (268 mg N/chamber) 
(Table 23). The results reported confirm the findings of 
several workers who showed that urea surface applied to acid 
or alkaline soils is subject to large losses of N through 
NHg volatilization (Volk, 1959, 1961; Overrein and Moe, 1967; 
Fenn et al., 1981a,b). Terman et al. (1968) reported low 
crop-recovery values of N from sources containing amino-N, 
including formamide, oxamide, and urea, when surface applied 
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to acid and alkaline soils, and presumed that the low crop-
recovery values were due to NH^ volatilization losses. 
Loftis and Scarsbrook (1969) found that NH^ volatilization 
from urea and formamide surface applied to soils were simi­
lar. Although the present work confirmed that NH^ losses do 
occur when formamide is surface applied to soils, the results 
obtained showed that these NHg losses were smaller than those 
observed for urea, especially at high rate of N application 
(Figures 12-15). 
Ammonia losses from oxamide surface applied to all four 
soils used were negligible in the 13 days following N appli­
cation (Figures 12-15), The moist soil surface at the time 
of the fertilizer application and the humidified air that 
swept through the chamber did not completely dissolve the 
oxamide surface applied to the soils; thus, most of the 
oxamide remained undissolved up to the end of the 13-day NH^ 
collection periods. Therefore, the lack of NH^ volatiliza­
tion from oxamide-treated soils cannot be explained in terms 
of the products of the chemical reactions of this compound in 
soils, but instead, it was due to oxamide*s low solubility. 
Ammonia volatilization from ammonium sulfate surface 
applied to the calcareous Harps and Canisteo soils started 
immediately after the fertilizer application, proceeded 
rapidly for four to five days and then decreased substantially 
as indicated by the leveling off of the curves of the cumula­
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tive amounts of NH^ volatilization (Figures 14 and 15). In 
four days, 36 to 42% of the N applied as ammonium sulfate 
to the calcareous soils were lost as NHg (Figures 14 and 15). 
On the other hand, there was a lag period between urea or 
formamide application and the beginning of the volatilization 
process. This is because urea and formamide need to be hy-
drolyzed in soils before any NH^ volatilization can take 
place. The existence of this lag period is evident by the 
sigmoidal shape of the curves of cumulative NH^ volatilization 
observed for urea- and formamide-treated soils (Figures 12-
15). For formamide, the lag periods between addition of fer­
tilizer and beginning of NH^ evolution were three to four days 
in Clarion soils, one to two days in Webster soil, and less 
than one day in Harps and Canisteo soils (Figures 12-15). The 
lag periods before NH^ volatilization from urea were gener­
ally shorter than those observed for formamide: one to two 
days in Clarion soil and less than one day in Webster, Harps, 
and Canisteo soils. In the four to five days following the 
lag period for hydrolysis of the amides, the rate of NH^ 
evolution from urea increased rapidly, but decreased there­
after, whereas the rate of NHg losses from formamide did not 
increase rapidly after the lag period, as that from urea, 
but was more uniform during the study period (Figures 12-15). 
The gradual NH^ evolution observed from formamide sur­
face applied to both acid and calcareous soils suggests that 
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this compound is hydrolyzed slowly in soils; however, this 
is unlikely in view of the results reported in Part III, 
showing that formamide is rapidly hydrolyzed in soils. Thus, 
the lower amount of NH^ volatilized from formamide-treated 
soils as compared with urea-treated soils could be due to 
the difference in the type of acid initially produced when 
formamide and urea are hydrolyzed in soils; formic acid, which 
is produced upon hydrolysis of formamide, is a stronger acid 
than carbonic acid, produced upon hydrolysis of urea. 
The cumulative amounts of NH^ volatilized from monoam­
monium phosphate (MAP) and diammonium phosphate (DAP) surface 
applied to Clarion, Webster, Harps, and Canisteo soils at the 
rates of 134 mg N/chamber (250 kg N/ha) and 268 mg N/chamber 
(500 kg N/ha) are shown in Figures 16 and 17, respectively. 
Ammonia volatilization from MAP applied to the acid Clarion 
and Webster soils was negligible and reached only 6 to 10% 
of the applied N in the calcareous Harps and Canisteo soils 
(Figures 16 and 17). The NH^ losses from DAP surface applied 
to both acid and alkaline soils were much higher than those 
obtained from MAP. Ammonia losses in 11 days from the acid 
Clarion and Webster soils were of the order of 9 to 12% of 
the N added as DAP. The corresponding figures for the cal­
careous Harps and Canisteo soils were from 35 to 43%. These 
results are in agreement with those reported in the literature. 
For instance, higher N losses, presumably as NH^» from DAP 
Figure 16. Cumulative amounts of NH3-N volatilized from monoammonium phosphate 
(MAP) and diammonium phosphate (DAP) surface applied to Clarion, 
Webster, Harps, and Canisteo soils at a rate equivalent to 250 kg 
N/ha (134 mg N/chamber) 
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Figure 17. Cumulative amounts of NH3-N volatilized from monoammonium phosphate 
(MAP) and diammonium phosphate (DAP) surface applied to Clarion, 
Webster, Harps, and Canisteo soils at a rate equivalent to 500 kg N/ha 
(268 mg N/chamber) 
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than from MAP applied to acid and alkaline soils were re­
ported by Terman and Hunt (1964), In other experiments 
carried out in volatilization chambers in the laboratory, 
Fenn and Kissel (1973) found that 51% of the N from DAP 
surface applied to a calcareous soil was lost as NH^ in 
100 hours. 
The reason for the relatively low losses of NH^ from 
MAP surface applied to the calcareous soils is the highly 
acidic environment formed around the fertilizer granule upon 
dissolution of this compound. Tisdale and Nelson (1975) state 
that a saturated solution of MAP, like the one that will 
probably be found around the fertilizer particle, has a pH 
of about 4.0. On the other hand, a saturated solution of 
DAP has a pH of about 9.0 (Tisdale and Nelson, 1975), which 
explains the NHg volatilization losses when this fertilizer 
was applied to acid and calcareous soils. 
The changes in soil pH caused by the addition of the 
several N fertilizers used in the NH^ volatilization experi­
ments are illustrated in Table 21. The soil pH levels were 
measured at the end of the NH^ collection period: 13 days 
for the experiments involving ammonium sulfate, formamide, 
oxamide, and urea, and 11 days for the experiments involving 
MAP and DAP. Soil pH was determined in 0.01 M CaCl2 to mini­
mize the effect of excess salts caused by the presence of the 
fertilizers. 
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Table 21. Effect of type of N fertilizers surface applied 
to soils on the soil pH measured at the end of 
the NHg volatilization experiment 
Fertilizer^ Clarion 
None (control) 5,8 
Monoammonium 
phosphate 5.3 
Diammonium 
phosphate 6.5 
Ammonium sulfate 5.0 
Formamide 6.7 
Oxamide 6.1 
Urea 7.1 
pH of soil specified^ 
Webster Harps Canisteo 
5.6 7.7 7.5 
5.1 7.0 6.9 
6.2 7.5 7.5 
5.4 7.7 7.5 
7.5 8.0 8.0 
5.7 7.8 7.5 
7.2 7.9 7.9 
Samples used were collected from top 1-cm layer of 
soil of volatilization chambers. Soil pH measured in 0.01 
M CaCl2 at a soil-to-solution ratio = 1:2.5. 
Nitrogen fertilizer surface applied at the rate of 
134 mg N/chamber (250 kg N/ha). 
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Surface application of fertilizers with acidic reaction, 
such as MAP and ammonium sulfate (pH of saturated solutions 
of these salts are about 4.0 and 4.8, respectively) caused a 
decrease in the pH level of Clarion and Webster soils and 
resulted in negligible NH^ volatilization losses (Table 21, 
Figures 12, 13, 16, and 17). Monoammonium phosphate also 
brought about a decrease of 0.7 and 0.5 pH units in the top 
1-cm layer of the calcareous Harps and Canisteo soils, re­
spectively; this partial acidification of the alkaline soils 
explains the relatively small amounts of NH^ volatilized 
when MAP was surface applied to the calcareous soils (Figures 
16 and 17). Ammonium sulfate failed to lower the pH of the 
calcareous soil, therefore, substantial NH^ evolution occurred 
(Table 21, Figures 14 and 15). Diammonium phosphate caused 
an increase in the pH of the acidic soils but not in the pH 
of the calcareous soils. Because of the low solubility of 
oxamide surface applied to all soils, only small changes 
in pH were observed in the soil samples treated with this 
compound. Surface application of formamide and urea resulted 
in a substantial increase in pH of the acid soils and a small 
increase in the pH of the calcareous soils (Table 21). The 
hydrolysis of urea yields ammonium carbonate which produces 
a highly alkaline reaction (pH of saturated solution, about 
9.2) and is unstable, decomposing into NHg, COg, and HgO 
(Terman and Hunt, 1964; Fenn and Kissel, 1973). The hydroly-
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sis of formamide produces ammonium formate which has a 
slightly acidic reaction; but ammonium formate is rapidly 
transformed in the soil into ammonium carbonate (Rehling and 
Taylor, 1937) or ammonium bicarbonate (Yanishevskii and 
Sennitskaya, 1972) which accounts for the increase in the 
soil pH and NH^ volatilization losses. 
Tables 22 and 23 summarize the results of NH^ volatiliza­
tion losses in 4, 8, and 11 days, from the six N fertilizers 
surface applied at two rates, to all soils. The results of 
NH^ losses are expressed as percentage of the fertilizer N 
added. 
Ammonia volatilization losses from oxamide surface 
applied to all soils were negligible because the fertilizer 
remained undissolved in the soil surface until the end of the 
experiments. Therefore, the results obtained with oxamide 
cannot be compared with those obtained with the soluble N 
compounds. 
Soil pH and source of N have significant effect on NH^ 
volatilization. In the calcareous Harps and Canisteo soils, 
losses of N through NHg volatilization in 11 days were between 
30 and 53% of the surface-applied soluble N sources, with 
exception of MAP which had NHg losses between 5 and 10% of 
the N added. In the acid soils, substantial losses of N 
through NH^ evolution were observed only for the soluble 
organic N sources: 16 to 33% losses from formamide, and 
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Table 22. Percentage of the applied fertilizer N (134 mg N/ 
chamber) volatilized as NH^ from soils during 
various times 
NH^-N volatilized during time 
( days) specified^ 
Fertilizer Soil 4 8 11 
•% of N applied-
Monoammonium 
phosphate 
Clarion 
Webster 
Harps 
Canisteo 
0.0 
0.0 
4.9 
2.7 
0.0 
0.1 
8.2 
4.4 
0.1 
0.1 
9.8 
5.6 
Diammonium 
phosphate 
Clarion 
Webster 
Harps 
Canisteo 
7.4 
6.9 
32.7 
26.2 
8.6 
8.2 
38.9 
32.1 
9.4 
9.0 
41.5 
34.9 
Ammonium 
sulfate 
Clarion 
Webster 
Harps 
Canisteo 
0.8 
0.9 
42.1 
37.7 
1.3 
1.4 
50.0 
44.6 
1.5 
1.8 
53.0 
47.2 
Formamide Clarion 
Webster 
Harps 
Canisteo 
4.6 
19.4 
19.0 
15.9 
(-) 
(0.9) 
(0.4) 
(0.4) 
15.0 
30.2 
37.6 
29.8 
(-) 
(0.9) 
(0.4) 
(0.4) 
17.1 
32.5 
42.9 
35.4 
(-) 
(0.9) 
(0.4) 
(0.4) 
Oxamide Clarion 
Webster 
Harps 
Canisteo 
0.7 
0.0 
0.2 
0.0 
0.9 
0.0 
0.3 
0.0 
0.9 
0.1 
0.3 
0.1 
Urea Clarion 
Webster 
Harps 
Canisteo 
29.7 
38.7 
28.2 
26.2 
37.8 
45.0 
39.9 
36.6 
38.8 
46.7 
43.4 
39.7 
^Figures in parentheses represent percentage of N 
volatilized as formamide. 
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Table 23. Percentage of the applied fertilizer N (268 mg N/ 
chamber) volatilized as NHg from soils during 
various times 
NHo-N volatilized during time 
(days) specified^ 
Fertilizer Soil 4 8 11 
•% of N applied" 
Monoammonium 
phosphate 
Clarion 
Webster 
Harps 
Canisteo 
0.0 
0.0 
2.1 
1.8 
0.0 
0.0 
4.8 
3.6 
0.1 
0.1 
6.7 
4.8 
Di ammonium 
phosphate 
Clarion 
Webster 
Harps 
Canisteo 
9.0 
9.5 
35.0 
30.2 
10.7 
11.3 
40.5 
35.8 
11.7 
12.3 
42.8 
38.8 
Ammonium 
sulfate 
Clarion 
Webster 
Harps 
Canisteo 
0.6 
0.7 
41.1 
36.7 
1.0 
1.1 
49.4 
44.8 
1.2 
1.5 
52.6 
47.8 
Formamide Clarion 
Webster 
Harps 
Canisteo 
2.6 
9.3 
14.0 
12.9 
(-) 
(1.4) 
(0.8) 
(0.8) 
12.7 
25.5 
28.8 
23.2 
(-) 
(1.4) 
(0.8) 
(0.8) 
15.7 
30.7 
36.4 
29.3 
(-) 
(1.4) 
(0.8) 
(0.8) 
Oxamide Clarion 
Webster 
Harps 
Canisteo 
0.7 
0.0 
0.1 
0.0 
0.9 
0.0 
0.2 
0.1 
0.9 
0.1 
0.2 
0.1 
Urea Clarion 
Webster 
Harps 
Canisteo 
36.7 
45.5 
29.6 
26.2 
47.2 
51.8 
43.7 
39.9 
48.5 
54.1 
47.4 
43.3 
figures in parentheses represent percentage of N vola­
tilized as formamide. 
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39 to 54% losses from urea (Tables 22 and 23). 
The results presented in Tables 22 and 23 show that most 
of the NHg volatilization took place in the first few days 
after application of the fertilizer. Between 50 and 80% of 
the total NHg losses occurred in the first 4 days for all N 
sources, with the exception of formamide. For formamide, 
most of the NH^ volatilization losses occurred in a period 
of 8 days following fertilizer application. 
Expressed as percentage of the total N applied, gener­
ally, only small differences in evolution were found in 
response to doubling the N application rate. Increasing the 
rate of N application did not markedly affect the percentage 
of N volatilized as NHg in 11 days, from the relatively 
acidic N fertilizers (MAP and ammonium sulfate) (Tables 22 
and 23). The percentage of the applied N volatilized as NH^ 
tended to increase with an increase in the rate of applica­
tion of the alkaline N fertilizers (DAP and urea). However, 
the opposite was observed for soils treated with surface-
applied formamide; an increase in the formamide application 
rate caused a slight decrease in the percentage of N vola­
tilized as NHg (Tables 22 and 23). 
Besides NH^, small amounts of formamide (0.4 to 1.4% of 
the formamide N applied) were found to volatilize from soils 
treated with this amide. This volatilization occurred only 
in the first two to three days after surface application of 
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formamide to soils (Tables 22 and 23). No data about vola­
tilization of formamide were collected for the Clarion soil. 
Effect of Crop Residues and Placement of N 
Fertilizers on NH^ Volatilization 
The effects of crop residues and placement of N fer­
tilizers on NHg volatilization from Webster, Harps, and 
Canisteo soils are shown in Figures 18, 19, and 20, respec­
tively, Losses of NHg from DAP applied to the acid Webster 
soil were generally small, with the exception of the NH^ 
losses from the treatment in which the fertilizer was applied 
to the surface of crop residues (Figure 18). Crop residues 
have less capacity than soils to retain, by physical or 
chemical means, the NH^ produced in the alkaline DAP solution. 
With urea and formamide as N sources, large amounts of 
NHg volatilized from Webster soil upon surface application of 
these compounds to bare soil, crop residues, or crop residues 
incorporated into the soil (Figure 18). The presence of crop 
residues, both on the soil surface or incorporated into the 
soil, enhanced the N volatilization losses from formamide 
(Figure 18). Losses through volatilization of formamide 
contributed significantly (15% of the total N applied) to 
the total N volatilized when formamide was applied to the 
crop residues covering the Webster soil. Discussion of this 
subject will be carried out in the following section. 
Incorporation of urea or formamide into the top 3 cm of 
Figure 18. Effect of plant residues and method of applica 
tion of N fertilizers on NH3 volatilization from 
a Webster soil treated with a solution of di-
ammonium phosphate (DAP), urea, or formamide at 
a rate equivalent to 250 kg N/ha (134 mg N/ 
chamber). Nitrogen volatilized from formamide-
—id formamide. 
with top 3 cm of soil; (•) fertilizer surface 
applied to bare soil; (•) fertilizer surface 
applied to plant residues placed on the soil 
surface; (A) fertilizer surface applied after 
incorporation of plant residues in the top 3 cm 
of soil 
fertilizer mixed 
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Figure 19. Effect of plant residues and method of applica­
tion of N fertilizers on NH3 volatilization from 
a Harps soil treated with a solution of diammoni­
um phosphate (DAP), urea, or formamide at a rate 
e(^ivalent to 250 kg N/ha (134 mg N/chamber). 
Nitrogen volatilized from formamide-treated soil 
included NH? and formamide. (O) fertilizer 
banded; ( • ) fertilizer mixed with top 3 cm of 
soil; (#) fertilizer surface applied to bare 
soil; (•) fertilizer surface applied to plant 
residues placed on the soil surface; (•) fer­
tilizer surface applied after incorporation of 
plant residues in the top 3 cm of soil 
= 5 ê 8 @ 
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Figure 20, Effect of plant residues and method of applica­
tion of N fertilizers on NH3 volatilization from 
a Canisteo soil treated with a solution of di-
ammonium phosphate (DAP), urea, or formamide at 
a rate equivalent to 250 kg N/ha (134 mg N/ 
chamber). Nitrogen volatilized from formamide-
treated soil included NH3 and formamide. 
(O) fertilizer banded; (•) fertilizer mixed 
with top 3 cm of soil; (#) fertilizer surface 
applied to bare soil; ( • ) fertilizer surface 
applied to plant residues placed on the soil 
surface; (A) fertilizer surface applied after 
incorporation of plant residues in top 3 cm 
of soil 
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the Webster soil decreased substantially but did not elim­
inate NHg losses. Banding of these compounds, however, 
reduced NH^ volatilization to negligible amounts (Figure 18). 
Surface application of DAP, urea, or formamide to bare, 
calcareous Harps and Canisteo soils, or to these soils 
covered or mixed with crop residues, resulted in large NH^ 
losses (Figures 19 and 20). Incorporation of DAP reduced 
substantially NH^ volatilization from both calcareous soils; 
however, the shallow incorporation used in these experiments 
still allowed sizable NH^ losses from urea and formamide 
(Figures 19 and 20), Banding was the most efficient way of 
reducing NH^ volatilization from all three fertilizers, both 
in acid and calcareous soils. 
Table 24 summarizes the results of NH^ volatilization 
as affected by the methods of fertilizer application to soils 
without plant residues. Because of the low solubility of 
oxamide in water, this compound was only included in the 
studies on the effect of fertilizer placement on NH^ vola­
tilization. The results reported for NH^ volatilization 
from formamide include N volatilized as NH^ and formamide. 
All results are means of two replications. Means followed 
by the same letter within any subcolumn are not significantly 
different at the 0.05 level using Duncan's multiple range 
test. 
The initial moisture content of the soils at the beginning 
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Table 24. Effect of methods of application of N fertilizers 
on the amount of NH3-N volatilized from soils 
Method of 
application Fertilizer 
NH^-N volatilized during time 
(days) specified^ 
8 12 
-% of N applied-
Webster soil 
Surface DAP 1. 4a 3. Ic 4. 3c 5. 2c 
applied Formamide 0. 5b 10. 8b 27. Ob 31. 4b 
Urea 0. 7b 26. 9a 37. Oa 40. la 
Incorporated DAP 0. la 0. 3c 0. 5c 0. 7c 
Formamide 0. la 4. 3b 12. Oa 15. 3a 
Urea 0. 2a 6. 3a 9. 9b 11. 9b 
Oxamide 0. la 0. Ic 0. 5c 0. 6c 
Banded DAP 0. Oa 0. la 0. 3b 0. 3b 
Formamide 0. Oa 0. 5a 2. la 3. Oa 
Urea 0. Oa 0. la 0. 3b 0. 4b 
Oxamide 0. Oa 0. la 0. 2b 0. 3b 
Haros soil 
Surface DAP 18. Oa 29. ,5a 36. ,3a 40. 5a 
applied Formamide 3. lb 14. ,3c 29. ,5c 36. 4b 
Urea 2. 4c 20. ,4b 33. ,0b 37. Ob 
Incorporated DAP 0. 7b 2. ,2c 3. 9b 5. 4b 
Formamide 1. 4a 5. 8b 14. la 19. , Oa 
Urea 1. 7a 10. ,3a 14. .8a 17. 5a 
Oxamide 0. lb 0. ,4c 1. ic 2. ,1c 
Banded DAP 0. , la 0, .4b 1, .lb 1. ,8b 
Formamide 0. ,1a 1, .2b 4, .2a 6. ,7a 
Urea 0. ,2a 2, 8a 5, .3a 7. ,0a 
Oxamide 0. , Oa 0, .lb 0, .lb 0. ,1b 
^ volatilized from soils treated with formamide in­
cluded both NH3 and formamide. Results obtained with fer­
tilizers within the same method of application are compared. 
Means followed by the same letter within any subcolumn are 
not significantly different at the 0.05 level using Duncan's 
multiple range test. 
^DAP = diammonium phosphate. 
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Table 24. (Continued) 
NHg-N volatilized during time 
Method of • (days) specified 
application Fertilizer 1 4 8 12 
•% of N applied-
Canisteo soil 
Surface DAP 13. 2a 23. ,2a 29. 7a 34. Oa 
applied Formamide 3. 3b 12. 8c 24. 5b 31. Ob 
Urea 1. 5c 15. ,7b 28. 9a 33. 3ab 
Incorporated DAP 0. 7ab 2. ,3c 4. 3c 6. lb 
Formamide 1. 3a 5. ,4b 12. 9a 18. 5a 
Urea 0. 9a 10. ,5a 16. 3b 19. 4a 
Oxamide 0. Ob 0. ,4d 1. 5d 3. , Ic 
Banded DAP 0. la 0. ,9a 2. lab 3. ,1a 
Formamide 0. Oa 0. ,6a 2. 7a 4. ,7a 
Urea 0. la 1. ,8a 3. 7a 4. , 8a 
Oxamide 0. Oa 0. ,1a 0. 3b 0. ,5b 
of the experiment was 25%, on a soil-weight basis, and it 
decreased to 10-15%, after 12 days, in soils without crop 
residue treatment. The drying condition observed during the 
experimental period, which is likely to occur under field 
conditions, was conducive to NH^ volatilization. 
The results of Table 24 indicate that surface applica­
tion of formamide and urea, to both acid and alkaline soils, 
resulted in substantial NH^ losses, but surface application 
of DAP caused large NH^ evolution only in the calcareous 
soils. Incorporation of the N source, in both acid and cal­
careous soils, markedly reduced NHg volatilization from 
169 
DAP, but the shallow incorporation (3 cm) was not very ef­
fective in reducing NH^ volatilization from formamide and 
urea; NH^ volatilization from these fertilizers incorporated 
to the soil ranged from 12 to 19% of the N applied (Table 24). 
These results agree with those of Ernst and Massey (1960) 
and Fenn and Miyamoto (1981) who found that shallow in­
corporation of N fertilizers decreased but did not eliminate 
NHg volatilization. 
Banding the fertilizers markedly reduced NH^ volatiliza­
tion from all N sources, and was a more efficient way of de­
creasing NHg losses than the other methods of N fertilizer 
application studied. 
Before NH^ escapes from the soil, the NH^ from the banded 
fertilizer has to diffuse in the vapor or liquid phase, or be 
carried by the evaporating water, through a portion of soil 
equal to the depth of fertilizer application. On the other 
hand, some of the NH^ produced from the fertilizers that are 
mixed with the soil is close to the soil surface and, there­
fore, has a shorter distance to travel before it volatilizes. 
When the fertilizers are surface applied, the NH^ produced 
is still more likely to be lost by volatilization. These 
differences probably explain the lower NH^ volatilization 
observed from the banded than from the incoirporated or surface 
applied fertilizers. 
The amounts of NH^ volatilized from Harps and Canisteo 
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soils when treated with formamide were not significantly dif­
ferent from those evolved from urea-treated soils in the 
three methods of application studied. The results with 
Webster soil, however, showed that significantly more NHg 
was volatilized from surface application of urea than of 
formamide (Table 24). When the fertilizer was incorporated 
or banded, the amount of NHg volatilized from the Webster 
soil was significantly lower with urea than with formamide. 
The effect of plant residues on NH^ volatilization from 
DAP, formamide, and urea surface applied to soils is shown 
in Table 25. The fertilizers were surface applied to bare 
soils, to soils covered with plant residues, or to soils 
mixed with plant residues (top 3 cm). The last two treat­
ments aimed to simulate conditions that occur in a field 
managed under minimum tillage. The results reported for 
formamide-treated soils include N volatilized as NH^ and as 
formamide. All results are means of two replications. Means 
followed by the same letter within any subcolumn are not sig­
nificantly different at the 0.05 level using Duncan's multiple 
range test. 
Intense NH^ losses were observed just 1 day after form­
amide and urea application to plant residues placed on top 
of soils, as compared to application of the same fertilizers 
to bare soil. With formamide and urea, the high rates of 
NHg ( or NHg plus formamide) volatilization are probably due 
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Table 25. Effect of plant residue on the amount of NH^-N 
volatilized from N fertilizers surface applied 
to soils 
Condition NHg-N volatilized during time 
of soil, 
surface Fertilizer^ 1 4 
J.CM, 
8 12 
« 
—% of N applied— 
Webster soil 
Bare soil DAP 1.4a 3.1c 4. 3c 5.2c 
Formamide 0.5b 10.8b 27.0b 31.4b 
Urea 0.7b 26.9a 37.0a 40.1a 
PR on soil DAP 7.7c 13.3c 16.4c 18.3c 
surface Formamide 8.1b 34.7a 48.1a 55.1a 
Urea 8.7a 32.1b 39.7b 43.1b 
PR DAP 1.6b 3.1c 4.3c 5.1c 
incorporated Formamide 1.3b 18.6b 35.1b 39.2b 
Urea 4.3a 36.7a 43.8a 46.6a 
Harps soil 
Bare soil DAP 18. Oa 29. 5a 36. 3a 40. ,5a 
Formamide 3. ,1c 14. 3c 29. ,5c 36. ,4b 
Urea 2. ,4b 20. 4b 33. Ob 37. ,0b 
PR on soil DAP 9. ,3a 16, ,1b 19. ,9c 22. ,4c 
surface Formamide 6. 4c 32. ,0a 45. ,2a 52. ,0a 
Urea 8. ,3b 30. ,0a 38. ,0b 42. ,0b 
PR DAP 12. ,9a 23. ,2b 29. ,5b 33. ,8b 
incorporated Formamide 3. ,6b 21. ,2b 33. ,5a 37. ,6a 
Urea 3. 7b 25. ,5a 35. ,2a 39. ,4a 
^ volatilized from soils treated with formamide in­
cluded both NH3 and formamide. Results obtained with fer­
tilizers within the same method of application are compared. 
Means followed by the same letter within any subcolumn are 
not significantly différait at the 0.05 level using Duncan's 
multiple range test. 
^R = plant residue. 
^DAP = diammonium phosphate. 
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Table 25. (Continued) 
Condition 
of soil 
surface Fertilizer 
NHo-N volatilized during time 
(days) specified 
8 12 
—% of N applied— 
Canxsteo soil 
Bare soil DAP 13.2a 23.2a 29.7a 34.0a 
Formamide 3.3b 12.8c 24.5b 31.0b 
Urea 1.5c 15.7b 28.9a 33.3ab 
PR on soil DAP 8.5a 15.3b 19.0c 21.1c 
surface Formamide 6.6b 26.9a 38.1a 43.4a 
Urea 8.9a 28.1a 34.4b 37.2b 
PR DAP 10.8a 22.0c 29.3b 33.4b 
incorporated Formamide 4.2b 25.1b 38.7a 42.7a 
Urea 4.4b 28.0a 39.5a 43.4a 
to the rapid hydrolysis of these compounds by the plant resi­
dues and the ineffectiveness of the loose plant material for 
retaining the NH^ produced. More NH^ (or NH^ plus formamide) 
was volatilized from formamide and urea applied to soils con­
taining plant residues than from these fertilizers added to 
bare soils. This enhancement of volatilization losses by 
the crop residues was more pronounced for formamide; losses 
from formamide were significantly higher than those from urea 
or DAP when the fertilizers were surface applied to the plant 
residues placed on the soil surface (Table 25). Nevertheless, 
losses from surface application of formamide and urea were 
high (>31% of the N added) even in the absence of plant 
residues (Table 25). 
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The percentages of the total N applied volatilized as 
NHg in 12 days when the fertilizers were incorporated in the 
top 3-cm layer of soil, and the resultant soil pH levels, 
measured at the end of the experiments are shown in Figure 
21. The pH values were determined in 0.01 M CaCl2 and the 
soil samples used were taken from the fertilized layer. 
As was discussed before, the shallow incorporation of the N 
fertilizers did not eliminate NH^ losses, which were still 
substantial with formamide and urea. The large increase in 
the soil pH, especially in the acid Webster soil, when form-
amide and urea were incorporated, indicated a high localized 
alkalinity and was probably one of the most important reasons 
for the high NH^ volatilization from these fertilizers. The 
soil pH levels during the course of the experiments may have 
been even higher than those shown in Figure 21, because the 
pH measurements were performed 12 days after the addition of 
the fertilizers, and undoubtedly some acidity was produced 
from nitrification of the NH^ released. 
Oxamide dissolves and hydrolyzes in the soil solution 
more slowly than the other N confounds used. This slow dis-
solution and hydrolysis prevent the rapid build up of NH^ 
concentration in the soil and reduce the NH^ volatilization. 
For the treatments in which the fertilizers were in­
corporated into the soil (Figure 21), the moisture content 
of the top 3-cm layer of soil decreased from 25% (initial 
Figure 21. Effect of types of N fertilizer on soil pH and NH- volatilization 
losses in 12 days. Fertilizers were incorporated into the top 3 cm 
of soil at a rate equivalent to 250 kg N/ha (134 mg N/chamber), A, 
diammonium phosphate; B, formamide; C, urea; D, oxamide. Initial 
soil pH values are shown under soils' names and soil pH values 
12 days after fertilizer application are shown above the bars of 
each treatment (pH in 0,01 M CaClg,soil:solution ratio 1*2.5) 
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moisture content, on a soil-weight basis) to about 15, 14, 
and 10% in the Canisteo, Harps, and Webster soils, respec­
tively, at the end of the 12-day period. 
The percentages of the total fertilizer N applied vola­
tilized as NHg or as formamide in 12 days, and the soil pH 
levels, measured at the end of the experiments, are shown 
in Figures 22, 23, and 24, for fertilizers surface applied 
to bare soil, to soils covered with plant residues, or to 
soils mixed with plant residues, respectively. The soil pH 
values were measured in 0.01 M CaCl2. 
Addition of formamide and urea to soils not covered with 
plant residues caused a sizable increase in the pH of these 
soils, especially in the acidic Webster soil (Figures 22 and 
24). High percentages of the applied N were lost as NH^ in 
the N-treated soils that had pH values >7.4 after 12 days 
(Figures 22 and 24). Different results were obtained in the 
treatments that had crop residues placed on the soil surface. 
A small increase in the pH level of the Webster soil and no 
increase in the pH levels of the calcareous Canisteo and 
Harps soils were obseirved when the fertilizers were applied 
over the plant residue cover, indicating that the crop residue 
retained a good portion of the fertilizer applied (Figure 23). 
The pH levels of the plant residues obtained after the ter­
mination of the volatilization experiments were measured in 
water, with a plant-to-water ratio of 1:20, and were averaged 
t 
Figure 22, Effect of types of N fertilizer on soil pH and NH3 and formamide 
volatilization losses in 12 days. Fertilizers were surface applied 
to soils at a rate equivalent to 250 kg N/ha (134 mg N/chamber), A, 
diammonium phosphate; B, formamide; C, urea. Initial soil pH values 
are shown under soils' names and soil pH values 12 days after fer­
tilizer application are shown above the bars of each treatment (pH 
in 0,01 M CaCl2, soil:solution ratio li2,5) 
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Figure 23, Effect of types of N fertilizer on soil pH and NH3 and formamide 
volatilization losses in 12 days. Fertilizers were surface applied 
. to soils covered with plant residues (crushed, dry corn stalks, 4 g/ 
chamber = 7,5 Mg/ha) at a rate equivalent to 250 kg N/ha (134 mg N/ 
chamber). A, diammonium phosphatej B, formamide; C, urea. Initial 
soil pH values are shown under soils* names and soil pH values 12 
days after fertilizer application are shown above the bars of each 
treatment (pH in 0,01 M CaCl2» soiltsolution ratio 1*2,5) 
N VOLATILIZED (% of N applied) 
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Figure 24. Effect of types of N fertilizer on soil pH and NHg and formatnide 
volatilization losses in 12 days. Fertilizers were surface applied 
to soils following incorporation of plant residues (crushed, dry 
corn stalks, 4 g/chamber = 7,5 Mg/ha) in top 3 cm of soil. Rate of 
fertilizer application was equivalent to 250 kg N/ha (134 mg N/cham-
ber). A, diammonium phosphate; B, formamide; C, urea. Initial soil 
pH values are shown under soils' names and soil pH values 12 days 
after fertilizer application are shown above the bars of each treat­
ment (pH in 0,01 M CaClg, soilisolution ratio 1:2,5) 
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over the residues collected from the surface of the three 
soils. The pH of the plant residues not treated with N fer­
tilizers was about 7.8; application of DAP caused the pH of 
the plant residues to decrease to about 6.5 at the end of the 
experiment, probably because of nitrification of the NH^ pro­
duced, However, the plant residues treated with formamide 
and urea showed a high pH level after the volatilization ex­
periments were discontinued; the pH values were 8.3 and 8.7 
for the plant residues treated with formamide and urea, 
respectively. 
Plant tissues have amidase and urease activity and, there­
fore, can hydrolyze both formamide and urea (Frahkenberger 
and Tabatabai, 1982b). Hydrolysis of urea produces ammonium 
carbonate. The high pH of the crop residues previously 
treated with foirmamide suggests that ammonium carbonate or 
ammonium bicarbonate, the end product of decomposition of 
formamide in soils (Rehling and Taylor, 1937; Yanisheviskii 
and Sennitskaya, 1972), is formed on the surface of the crop 
residues. Ammonium carbonate and ammonium bicarbonate produce 
alkaline solutions and are susceptible to NH^ volatilization; 
therefore, NH^ may volatilize directly from the crop residues 
treated with formamide or urea, regardless of the soil under­
lying the crop residue. Indeed, the small change in the soil 
pH of the Webster soil, the high pH of the plant residues, 
and the substantial amounts of NHg volatilized from formamide 
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and urea applied on the crop residue cover (Figure 23) sug­
gest that the reaction that led to NH^ volatilization from 
formamide and urea occurred on the plant residue cover, 
and that the soils played a marginal role on the NH^ vola­
tilization process. 
The amounts of N volatilized as NH^ were approximatly 
the same from formamide and urea surface applied to the crop-
residue-covered soils (Figure 23). However, when formamide 
was the N source, relatively large amounts of N were vola­
tilized as formamide, causing the total measured N losses 
from formamide to be significantly greater than those ob­
served from urea when both compounds were applied over crop 
residues (Figure 23 and Table 25). 
Ammonia volatilization from DAP was more affected by the 
soil pH than that from formamide or urea (Table 24). Because 
the plant residue cover diminishes, at least in part, the 
contact between the soil and the fertilizer, it is expected 
that the presence of the plant residues would reduce NH^ 
volatilization losses from fertilizers such as DAP applied 
to calcareous soils. Indeed, more NHg was lost from DAP 
surface applied to the bare, calcareous Harps and Canisteo 
soils than from DAP surface applied to a mulch of crop resi­
dues covering these soils (Table 25). But the opposite ef­
fect was observed when DAP was applied to the acid Webster 
soil. The acidity of the soil partially counteracted the 
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alkalinity of DAP and less NH^ was volatilized when this 
fertilizer was surface applied to the bare Webster soil than 
when it was surface applied to the crop residues (Table 25), 
which probably have lower buffering capacity than the soil. 
Many researchers have observed, under different condi­
tions, that the NH^ volatilization from surface-applied urea 
or urea solutions are enhanced by the presence, on the soil 
surface, of plant residues (Volk, 1959; Meyer et al., 1961; 
Keller and Mengel, 1981), The results of these works and 
those found in the present investigation suggest that urea 
is not an efficient N source for no-till production systems, 
because of the high risks of NH^ volatilization involved 
when this fertilizer is surface applied to crop-residue-
covered soils. The results presented here also indicate that 
formamide is subject to N volatilization even higher than 
those from urea, when surface applied to crop residue covered 
soils. Therefore, the use of formamide is subject to the same 
limitations found for the use of urea. Subsurface applica­
tion to all soils of these and other N compounds of alkaline 
reaction, or subsurface application to calcareous soils of 
all ammonium-containing or ammonium-producing fertilizers, 
is an efficient way of reducing NH^ losses. 
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Formamide Volatilization Following Its 
Application to Soils 
As it was indicated before, when formamide is applied 
to soils, besides NH^, some formamide also may be lost by 
volatilization. Little or no volatilization of formamide was 
observed when this compound was banded or incorporated in the 
top 3-cm layer of soil (Table 26). Surface application of 
formamide to bare soil or to soil in which crop residues had 
been incorporated resulted in small amounts of formamide 
volatilized; less than 1.3% of the formamide N added was 
volatilized as formamide, whereas the losses as NH^ ranged 
from 31 to 42% of the N added (Figures 22 and 24, Table 26). 
In these instances, formamide evolution was observed during 
the first and second days after its addition to soils (Table 
26). However, when formamide was applied to the crop resi­
dues covering the soils' surface, formamide volatilization 
was detected up to the end of the 12-day gas collection 
period (Table 26). The rate of volatilization of formamide 
was high in the first day after the amide application (2.5 
to 3,8% of the formamide added) and decreased gradually with 
time (Table 27). 
The relative contributions of formamide and NH^ vola­
tilized in 12 days from formamide surface applied to the 
crop-residue-covered soils, are illustrated in Figure 25. 
The percentages of the formamide N applied over the crop 
Table 26, Effect of formamide placement (134 mg N/chamber) and plant residue 
treatment on the percentage of N volatilized as NH^ and formamide 
at various times 
Percentage of N applied volatilized as NH^ 
after treatment indicated^ 
Soil Time A B CD E 
days % of N applied^ 
Webster 1 0.0 (0.0) 0.0 (0.1) 0.0 (0.5) 5,5 (2,6) 0.3 (1.0) 
3 0.2 (0.0 2.2 (0.1) 5.4 (0,5) 21,6 (6,5) 10.6 (1.3) 
5 0.9 (0.0) 6.5 (0.1 15.5 (0.5) 30.1 (9,6) 23.3 (1.3) 
8 2.1 (0.0) 11.8 (0.1) 26,4 (0,5) 34.7 (13,4) 33.8 (1,3) 
12 3.0 (0.0) 14.8 (0.1) 30,9 (0,5) 39,1 (16,0) 37.9 (1.3) 
Harps 1 0.1 (0.0) 1.4 (0,0) 2,8 (0,4) 4,9 (2,9) 3.1 (0,6) 
3 0.7 (0.0) 4.3 (0.0) 10,4 (0,4) 19.4 (6 .7 )  15.5 (0.6) 
5 1.9 (0.0) 7.9 (0.0) 17,8 (0,4) 27.8 (8,9) 25.2 (0,6) 
8 4.2 (0.0) 14,1 (0.0) 29,1 (0,4) 33.3 (11.8) 33.0 (0,6) 
12 6.7 (0.0) 19.0 (0.0) 36,0 (0,4) 38.1 (13,9) 37.0 (0,6) 
Canisteo 1 0.0 (0.0) 1.3 (0.0) 2,9 (0.4) 4.7 (1.9) 3.6 (0,5) 
3 0.3 (0.0) 4.0 (0.0) 9,5 (0.4) 17.6 (3.8) 18.4 (0.5) 
5 0.9 (0.0) 7.0 (0.0) 15.2 (0,4) 26,0 (5.0) 29.6 (0.5) 
8 2.7 (0.0) 12.9 (0.0) 24,1 (0.4) 31.9 (6.2) 38.2 (0.5) 
12 4.7 (0.0) 18.5 (0.0) 30,6 (0.4) 36,4 (6.9) 42.2 (0.5) 
A, fertilizer banded; B, fertilizer incorporated into top 3 cm of soil; 
C, fertilizer surface applied to bare soil; D, fertilizer surface applied to 
plant residue placed on soil surface; E, fertilizer surface applied after in­
corporation of plant residue into top 3 cm. 
^Figures in parentheses represent percentages of N volatilized as formamide. 
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Table 27, Formamide volatilized in 24-hour periods from 
soils surface treated with formamide after sur­
face application of plant residues 
Soil 
Formamide N volatilized during 
day specified 
8 12 
% of total 
N applied _ 
volatilized^ 
mg N/day 
Webster 3.5 2.5 2.1 1.5 0.7 
Harps 3.8 2.0 1.5 1.2 0.6 
Canisteo 2.5 0.9 0,7 0.5 0.2 
16.0 
13.9 
6.9 
Formamide applied at a rate equivalent to 250 kg N/ha 
(134 mg N/chambei). Plant residues applied at a rate equiva­
lent to 7.5 Mg/ha (4 g/chamber). 
residues that were volatilized as formamide ranged from 6.9 
to 16% (Table 27), bringing the sum of the N lost as NH^ 
plus formamide to 43.3, 52.0, and 55.1% of the N applied to 
Canisteo, Harps, and Webster soils, respectively (Table 26). 
Although formamide is not a highly volatile compound 
(vapor pressure = 0.13 kPa at 70°C), drying conditions after 
formamide application to soils or plant residues may be con­
ducive to evaporation of this liquid amide. The drying con­
ditions are usually more severe in the loose crop residue 
cover than in the soil; moreover, formamide is more likely 
to be rapidly hydrolyzed or weakly adsorbed to the large 
Figure 25. Volatilization of NH3 and formaitiide from soils 
covered with plant residues (7.5 Mg/ha = 4 g/ 
chamber) and surface treated with formaitiide at 
a rate equivalent to 250 kg N/ha (134 mg N/ 
chamber) 
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surface area of the clay and organic matter of the soil than 
to the small and relatively less reactive surface of the 
crop residues. These factors explain the volatilization 
losses of formamide observed from formamide added to crop 
residues (Table 26) which represent another limitation to the 
use of this amide for surface application to soils, especial­
ly those covered with plant residues, such as those commonly 
found in fields managed under minimum tillage. 
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SUMMARY AND CONCLUSIONS 
Several amides, including formaitiide, have been shown to 
supply N to plants. Aliphatic amides are hydrolyzed in soils 
yielding NH^ and their corresponding carboxylic acids. The 
rate of hydrolysis of formamide in soils is important be­
cause it can control the availability of formamide N for 
plants. Formamide, as well as other N compounds that produce 
or contain NH^, is subject to losses of N through NH^ vola­
tilization when applied to soils. The assessment of the ex­
tent of the volatilization losses and the conditions in which 
NHg losses occur in soils is of much interest in determining 
the efficiency of N fertilizers. 
The objectives of this study were (1) to develop a simple 
and sensitive procedure for colorimetric determination of 
formamide, (2) to extend the use of this colorimetric method 
for determination of formamide in soil extracts, (3) to study 
the factors affecting hydrolysis of formamide added to soils, 
and (4) to assess the factors affecting volatilization of NH^ 
from N fertilizers added to soils. 
The findings can be summarized as follows: 
1. A simple and sensitive method for the determination 
of formamide was developed. This method involves the 
colorimetric determination of the ferric-formohydroxamate 
3+ 
complex formed from the reaction of Fe , in an acidic medi­
um, with the formohydroxamic acid produced from the reaction 
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of formamide with hydroxy lamine under alkaline conditions. 
The color developed is not stable and must be measured im­
mediately after the addition of the ferric iron. The sta­
bility of the color decreases with an increase in tempera­
ture. The linearity of changing the concentration of form-
amide was investigated and it was found that Beer's Law was 
obeyed with samples containing up to 150 fig of formamide N. 
The method proposed is not specific for formamide because 
several amides also produce colored solutions of variable 
intensities when analyzed by the method described for 
formamide. The colored complexes produced with other amides 
3+ 
are due to the reaction of Fe with the hydroxamic acids 
produced from the corresponding amides under the alkaline 
conditions described. Therefore, the method developed for 
the determination of formamide cannot be used for analysis 
of other amides. The recovery of 40 or 80 p.g of formamide N 
was quantitative when the aliquot analyzed was made to con­
tain 5.0 mg of K^, Na*, Ca^*, or Mg^^, and NOg, Cl", PO^ , 
or SO^"". At this high concentration, NO^ caused a slightly 
lower recovery of the formamide N, but no interference was 
detected when up to 1.0 mg of NaN02 was present in the ali­
quot analyzed. 
2. The method for colorimetric determination of form­
amide was successfully adapted for use with soil extracts 
containing formamide. Extraction of formamide added to 
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soils involved shaking the soil sample for 10 minutes with 
2 M KCl made 0,005M with respect to uranyl acetate (an aitd-
dase inhibitor) and filtering the resultant suspension. For 
calcareous soils, the extractant solution was acidified with 
HCl to produce an extract with a pH value between 3.0 to 5.5. 
Recovery, by the method described, of formamide N added to 
soils was quantitative (98 to 101%). 
3. Tests indicated that the hydrolysis of formamide 
added to soils is rapid. At 20°C, the time required for com­
plete hydrolysis of formamide added at a rate of 1000 pg of N 
per gram of soil ranged from 9 hours in the Canisteo soil to 
36 hours in the Clarion soil. In the six soils studied, or­
ganic C seemed to be the soil property most closely related 
to the rate of formamide hydrolysis; the higher the organic 
C content, the faster the formamide hydrolysis. Temperature 
greatly influenced the rate of hydrolysis of formamide in 
soils; at 10°C, the time necessary for complete hydrolysis 
of the formamide added to Harps, Webster, and Clarion soils 
was 24, 36, and 84 hours, respectively; corresponding figures 
for these soils incubated at 30°C were 8, 10, and 20 hours, 
respectively. Ammonium nitrate, ammonium sulfate, diammonium 
phosphate, potassium chloride, and potassium sulfate had no 
effect on formamide hydrolysis in soils when formamide N was 
applied to soils along with equal amounts of N, P, or K from 
these fertilizer compounds. Urea and P in calcium dihydrogen 
phosphate, monoammonium phosphate, and potassium dihydrogen 
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phosphate reduced hydrolysis of formamide in soils. The rate 
of hydrolysis of formamide was greater in field-moist than 
in air-dried soils, and was also greater in soils incubated 
under aerobic than under waterlogged conditions. 
4. The results of the NH^ volatilization experiments, 
carried out in volatilization chambers under laboratory 
conditions, showed that losses of N through NH^ volatiliza­
tion were high from urea surface applied to both acid and 
calcareous soils. Ammonia losses ranged from 39 to 54% of 
the urea N added. Losses of NH^ from formamide surface ap­
plied ranged from 16 to 32% of the formamide N added to acid 
soils, and from 29 to 43% of the formamide N applied to cal­
careous soils. In the acid soils, NH^ volatilization from 
ammonium sulfate or MAP, which produce acid reaction upon 
dissolution, was low or negligible; however, NH^ losses from 
DAP, which caused an increase in the pH around the fertilizer 
particle, ranged from 9 to 12% of the DAP N added. In the 
calcareous soils, the percentage of the N added as ammonium 
sulfate and DAP that was volatilized as NH^ was high, ranging 
from 35 to 53%, The acidic nature of the MAP contributed to 
keep NHg losses relatively low (5 to 10% of the N added) when 
this compound was surface applied to calcareous soils. Ox-
amide was barely solubilized on the surface of the soils in 
the 13 days of the experiment and, therefore, presented only 
minute losses of N as NHg, The presence of a crop residue 
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cover over the soil surface, simulating conditions found in 
field managed under minimum tillage practices, greatly en­
hanced volatilization losses from surface-applied formamide. 
Losses of NHg from urea were also increased by the residue 
cover. The opposite was found for DAP applied to the cal­
careous soils. Compared with NH^ losses from fertilizer ap­
plication over bare soil, when plant residues were incor­
porated into the top 3-cm layer of the soil, the losses of 
NH^ from surface-applied urea and formamide increased slight­
ly and those from DAP were affected very little. Placing 
fertilizers in bands substantially decreased NHg losses from 
urea, formamide, and DAP in all soils, and was found to be 
the most efficient way to prevent losses of N through NH^ 
volatilization. Shallow incorporation of all N sources tested 
decreased the amounts of NH^ evolved from soils as compared 
with those evolved from surface application. However, sig­
nificant amounts of NH^ (12 to 19% of the N applied) were 
lost from formamide and urea when mixed with soils. Small 
amounts of formamide were volatilized when this compound was 
surface applied to soils. Formamide volatilization was <1.5% 
when this amide was surface applied to bare soils or to soils 
mixed with plant residues; however, formamide volatilization 
ranged from 6,9 to 15% of the amount applied to plant-residue-
covered soils. The results obtained in this investigation 
indicate that neither urea nor formamide is an efficient N 
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source for surface application to bare soils or to no-till 
production systems, because of the high risks of NH^ (and 
formamide) volatilization losses. Subsurface application 
to all soils of these and other N confounds of alkaline re­
action, or subsurface application to calcareous soils of all 
ammonium-containing or ammonium-producing fertilizers, is an 
efficient way of reducing NH^ losses. 
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